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INTRODUCTION 

The c o n t e n t s  o f  t h i s  r ev iew may be  c o n v e n i e n t l y  s e p a r a t e d  i n t o  two 
r a t h e r  d i s t i n c t  p a r t s .  On t h e  one  hand t h i s  r e v i e w  c o v e r s  o u r  c u r -  
r e n t  u n d e r s t a n d i n g  of  d e t o n a t i o n  a s  a u n i q u e  n a t u r a l  phenomena, 
w h i l e  o n  t h e  o t h e r  hand t h e  r ev iew . d i s c u s s e s  t h e  l i m i t a t i o n s  t h a t  
hydrodynamics p l a c e s  o n  t h e  u t i l i t y  of  t h e  shock  t u b e  as  a t o o l  f o r  
s t u d y i n g  h igh  t e m p e r a t u r e  r e a c t i o n  k i n e t i c s .  S p e c i f i c  r e a c t i o n  k i n e t i c  
s t u d i e s  a r e  no t  c o v e r e d  because  t h e y  a r e  so e x t e n s i v e  t h a t  it is d i f f i -  
c u l t  t o  do them j u s t i c e  i n  a s h o r t  r e v i e w .  The r e a d e r  is r e f e r r e d  t o  
r e c e n t  more e x t e n s i v e  r e v i e w s  f o r  t h i s  p ~ r p o s e l - ~ .  

DETONATION 

I .  T h e o r i e s  R e l a t i n g  t o  S t F u c t u r e  and S t a b i l i t y  

The Ze l ' dov ich6 ,  von Neumann7, Dor ings  (ZND) model of  a one -d imens iona l  
s t e a d y  d e t o n a t i o n  wave a s  a shock  d i s c o n t i n u i t y  f o l l o w e d  by a zone  of 
homogeneous c h e m i c a l  r e a c t  i o n  is p r o b a b l y  t h e  most u s e f u l  concep t  to 
e v o l v e  p r i o r  t o  t h e  mid 1 9 5 0 ' s .  Even though  t h i s  model must now be 
m o d i f i e d  t o  accommodate non-steady and  t h r e e - d i m e n s i o n a l  e f f e c t s ,  i ts  
i m p l i c a t i o n  t h a t  a n  e l emen t  of t h e  f l o w  may tie t r e a t e d  a s  c o n t a i n i n g  a n  
exo the rmic  c h e m i c a l  r e a c t i o n  t r i g g e r e d  by a s t r o n g  shock ,  which may i n  
i t s e l f  b e  hand led  a s  a d i s c o n t i n u i t y  i n  t h e  f l o w ,  r e p r e s e n t s  a u s e f u l  
t o o l  f o r  u n d e r s t a n d i n g  t h e  s t r u c t u r e  and non-s teady  b e h a v i o r  of de tona -  
t i o n  waves. 

. I  

The Chapman9-JouguetlO, (CJ), c o n c e p t  t h a t  a minimuin s t e a d y  one- 
d i m e n s i o n a l  mass f l o w  e x i s t s  f o r  any s p e c i f i c  e x o t h e r m i c  s y s t e m  under -  
g o i n g  r e a c t i v e  shock  t r a n s i t i o n  is a t  p r e s e n t  u s e f u l  o n l y  i n s o f a r  a s  i t  
a l l o w s  n r a t h e r  e x a c t  c a l c u l a t i o n  of t h e  v e l o c i t y  and  p r e s s u r e  i n  a 
d e t o n a t i o n  wave. U n f o r t u n a t e l y ,  a t  t h e  p r e s e n t  t i m e ,  t h i s  s u c c e s s  m u s t  
be c o n s i d e r e d  t o  be e i t h e r  f o r t u i t o u s  or a t  l e a s t  e m p i r i c a l  because  re- 
cent work h a s  shown t h a t  a one-dimensional  d e t o n a t i o n  t r a v e l i n g  a t  t h e  
C.J v e l o c i t y  is dynamica l ly  u n s t a b l e .  

The f i r s t  a t t e m p t  t u  l o o k  a t  t ime-dependent  s t a b i l i t y  i n  a d e t o n a t i o n  
w a v e  was mide by S h c h e l k i n l l  i n  1958 .  
a s  h i s  model.  I n  t h i s  model t h e  c h e m i c a l  r e a c t i o n  is c o n c e n t r a t e d  a t  
t h e  C J  p l a n e  and t h i s  p l a n e  i s  s e p a r a t e d  from t h e  shock  wave by a n  in -  
d u c t i o n  zone .  I n  h i s  model,  he  p e r t u r b e d  t h e  p o s i t i o n  of  t h e  C J  p l a n e  
w i t h  t i m e  and d i s c u s s e d  t h e  consequences  o f  t h i s  p e r t u r b a t i o n .  H e  found 
t h a t  t h e  d e t o n a t i o n  w i l l  tie u n s t a b l e  t o  t h i s  t y p e  of p e r t u r b a t i o n  i f  t h e  
i n d u c t i o n  zone  i . c a c t i o n s  have  a s u f f i c i e n t l y  l a r g e  a c t i v a t i o n  e n e r g y .  
T h i s  model is u n r e a l i s t i c  b e c a u s e  o n e  c a n n o t  t r u l y  c a u s e  t h e  C J  p l a n e  t o  
s u f f e r  a p e r t u r b a t  i on ,  s i n c e  it is n s t e a d y  c o n c e p t .  However, S h c h e l k i n  
was t h e  f i r s t  t o  d i s c u s s  t h e .  e f f c c t  of a t ime-dependent  p e r t u r b a t i o n  o n  
s t a b i l i t y .  

S i n c e  1963, t h e r e  have  been  .a number of papers12-19 whi.ch d i s c u s s  t h e  
s t a b i l i t y  of t h e  squa re '  wave d e t o n a t i o n .  However r e c e n t  work on  d e t o -  
nat ion s t a b i l i t y ,  u s i n g  models  'wh ich  a l l o w  f o r  an' e x t e n d e d  h e a t  r e l e a s e  

H e  u s e d  a s q u a r e  wave d e t o n a t i o n  



,. 
z o n e ,  show q u i t e  d e f i n i t e l y  t h a t  a l l  t h e  i n t e r e s t i n g  a m p l i f i c a t i o n  
mechanisms which l e a d  t o  i n s t a b i l i t y  o c c u r  i n  t h e  r e g i o n  o f  h e a t  
release.  T h e r e f o r e ,  t h e  s q u a r e  wave model a p p e a r s  t o  be u n s u i t a b l e  
f o r  d i s c u s s i n g  s t a b i l i t y .  

Two a p p r o a c h e s  have  been  u s e d  t o  i n v e s t i g a t e  t h e  s t a b i l i t y  o f  a ZND 
d e t o n a t i o n  wave w i t h  a n  e x t e n d e d  r e a c t i o n  zone .  Erpenbeck20m21 h a s  
examined s t a b i l i t y  by f o l l o w i n g  t h e  r e s p o n s e  of t h e  shock  d i s c o n t i n u -  
i t y  t o  a p u r e l y  t r a n s v e r s e  harmonic p e r t u r b a t i o n  i n  t h e  f low down- 
stream of t h e  shock  wave ( i . e . ,  i n  t h e  r e a c t i o n  z o n e ) .  H i s  a n a l y s i s  
is a p p l i c a b l e  t o  d i s t u r b a n c e s  of a r b i t r a r y  wave l e n g t h  b u t  r e q u i r e s  a 
model f o r  t h e  h e a t  re lease r e a c t i o n s  t h r o u g h o u t  t h e  e n t i r e  r e a c t i o n  
z o n e .  H e  has  n o t  f o r m a l l y  examined t h e  C J  d e t o n a t i o n  case, b u t  h a s  
a l w a y s  worked w i t h  d e t o n a t i o n s  t h a t  have  some a r b i t r a r y  o v e r d r i v e .  
H i s  a n a l y s i s ,  which is pe r fo rmed  i n  L a p l a c e  t r a n s f o r m  s p a c e ,  i s  v e r y  
complex and  he f i n d s  t h a t  s t a b i l i t y  i n  t h e  g e n e r a l  case c a n  be d i s -  
c u s s e d  o n l y  by r e s o r t i n g  t o  n u m e r i c a l  t e c h n i q u e s .  H i s  r e s u l t s  i n d i c a t e  
t h a t  t h e  o c c u r r e n c e  of i n s t a b i l i t y  is dependen t  on  t h e  f r e q u e n c y  of the  
d i s t u r b a n c e ,  t h e  a c t i v a t i o n  e n e r g y  o f  t h e  f i r s t  o r d e r  h e a t  release 
r e a c t i o n  t h a t  he  h a s  u s e d  i n  h i s  model and  t h e  amount of t h e  o v e r d r i v e  
p r e s e n t  i n  t h e  d e t o n a t i o n .  
e x t e n d e d  h i s  a n a l y s i s  t o  t r a n s v e r s e  waves of h i g h  f r e q u e n c y .  I n  t h i s  
case,  he f i n d s  t h a t  there  are three  t y p e s  o f  s t a b i l i t y  regimes which  
may be p r e s e n t  i n  t h e  r e a c t i o n  zone  o f  t he  d e t o n a t i o n .  The t y p e  of 
regime tha t  is  p r e s e n t  is dependen t  on  t h e  l o c a l  v a l u e  o f  t h e  q u a n t i t y  
d(a2-u2)/dx where x is measured  from t h e  shock  and  a and  u a r e  t h e  
sound v e l o c i t y  and  f l o w  v e l o c i t y  a t  a p o i n t  i n  t h e  s t e a d y  f l o w  beh ind  
t h e  s h o c k .  H e  o b s e r v e d  t h a t  t h i s  q u a n t i t y  e i ther  i n c r e a s e s ,  goes  
t h r o u g h  a maximum, o r  d e c r e a s e s ,  i n  t h a t  o r d e r ,  as  one  p a s s e s  from t h e  
shock  wave t o  t h e  p l a n e  where h e a t  a d d i t i o n  is t e r m i n a t e d .  I f  t h e  
q u a n t i t y  s i m p l y  decreases i n  t h e  r e a c t i o n  zone  he f i n d s  t h a t  t h e  
d e t o n a t i o n  w i l l  be s t a b l e  t o  a h i g h  f r e q u e n c y  t r a n s v e r s e  wave. I f  
t h i s  q u a n t i t y  goes  t h r o u g h  a maximum o r  i f  i t  i n c r e a s e s ,  he  f i n d s  t h a t  
t h e  d e t o n a t i o n  behaves  u n s t a b l y  t o  a h i g h  f r e q u e n c y  t r a n s v e r s e  p e r t u r -  
b a t i o n .  I n  t h e  l i m i t  b e h a v i o r  which he  i n v e s t i g a t e d ,  t h e  u l t i m a t e  
s t a b i l i t y  is found  t o  be d e p e n d e n t  on t h e  a c t i v a t i o n  e n e r g y  of t h e  
f i r s t  o r d e r  chemica l  r e a c t i o n  which was assumed i n  t h e  a n a l y s i s .  
S p e c i f i c a l l y ,  s y s t e m s  w i t h  a s u f f i c i e n t l y  l o w  a c t i v a t i o n  e n e r g y  were 
found  t o  be s t a b l e .  

I n  a f o l l o w i n g  p a p e r ,  Erpenbeck22 h a s  

I n  t h e  o t h e r  a p p r o a c h  t o  t h e  s t a b i l i t y  problem,  S t r eh low-  and F e r n a n d e ~ ~ ~  
and  B a r t h e l  and  S t r e h l ~ w ~ ~  have  used  a r a y  t r a c i n g  t e c h n i q u e  t o  d i s c u s s  
t h e  b e h a v i o r  o f  a h i g h  f r e q u e n c y  c o h e r e n t  t r a n s v e r s e  a c o u s t i c  wave i n  
t h e  r e a c t i o n  zone  o f  a ZND d e t o n a t i o n .  They a l s o  f i n d  t h a t  t h e  q u a n t i t y  
d(a2-u2)/dx is  i m p o r t a n t  t o  t h e  b e h a v i o r  of t h e s e  c o h e r e n t  t r a n s v e r s e  
waves.  F o r  a t r a n s v e r s e  wave p r o p a g a t i n g  i n  a f l o w i n g  gas ,  t h e  d i r e c -  
t i o n  of  p r o p a g a t i o n  o f  t h e  e n e r g y  t r a p p e d  i n  t h e  a c o u s t i c  f r o n t  ( i . e . ,  
t h e  r a y  d i r e c t i o n )  is t h e  d i r e c t i o n  wh ich  is o f  i n t e r e s t .  They f i n d  
t h a t ,  i n  t h e  r e g i o n  where t h e  q u a n t i t y  d(a2-u2)/dx is d e c r e a s i n g ,  a n  
aconctic -:;zvc f r o n t  of aiiy o l i e n i a t i o n  ( e x c e p t  f o r  one  v e r y  s p e c i f i c  
o r i e n t a t i o n )  s u b s e q u e n t l y  p a s s e s  t h r o u g h  t h e  r e a c t i o n  zone  of  t h e  deto- 
n a t i o n  a t  most o n l y  twice (due  t o  r e f l e c t i o n  f rom t h e  s h o c k  f r o n t ) .  
However a wave f r o n t  of t h e  p r o p e r  o r i e n t a t i o n  was found  t o  a s y m p t o t i -  
c a l l y  a p p r o a c h  t h e  p l a n e  where  d(a2-u2)/dx h a s  a maximum v a l u e .  
t h e r m o r e ,  t h i s  r a y  was found  t o  s u b s e q u e n t l y  p r o p a g a t e  p a r a l l e l  t o  t h e  
s h o c k  f r o n t  f o r  a n  i n f i n i t e l y  l o n g  t i m e .  Thus ,  i f  t h e  d e t o n a t i o n  d i d  no t  
have  a p l a n e  where d(a2-u2)/dx w a s  maximum, t h e i r  t h e o r y  a l s o  p r e d i c t e d  
t h a t  t h e  d e t o n a t i o n  would be d y n a m i c a l l y  s t a b l e  t o  a t r a n s v e r s e  wave per- 
t u r b a t i o n .  They a l s o  n o t e d  t h a t  s i n c e  t h e  r a y  p r o p a g a t i n g  a t  t h e  p l a n e  
d(a2-u2)/dx = maximum is p r o p a g a t i n g  i n  a r e g i o n  where a t e m p e r a t u r e  and 

Fur-  
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d e n s i t y  s e n s i t i v e  e x o t h e r m i c  chemical react i o n  is o c c u r r i n g ,  i ts r a t e  
o f  a m p l i t u d e  growth is dependent  o n  t h e  d e t a i l s  o f  t h e  chemica l  
r e a c t i o n .  B r i e f l y ,  t h e y  came t o  t h e  c o n c l u s i o n  t h a t  any  exo the rmic  
r e a c t i o n  t h a t  h a s  b e e n  o b s e r v e d  i n  n a t u r e  would p r o d u c e  t r a n s v e r s e  wave 
a m p l i f i c a t i o n  u n d e r  t h e s e  c o n d i t i o n s .  

I n  t h e  r e g i o n  where t h e  q u a n t i t y  d(a2-u2)/dx is  i n c r e a s i n g  t h e y  found  
a n o t h e r  i n t e r e s t i n g  b e h a v i o r .  I n  t h i s  r e g i o n ,  wave f r o n t s  which have  a 
p a r t i c u l a r  r a n g e  of  i n i t i a l  o r i e n t a t i o n s  c o n v o l u t e  w i t h  t i m e  i n  s u c h  a 
manner t h a t  a n  e l emen t  of  t h e  wave f r o n t  p rGpaga te s  some d i s t a n c e  away 
from t h e  s h o c k  f r o n t ,  t h e n  t u r n s  a r o u n d  and  r e t u r n s  t o  t h e  f r o n t  t o  
r e f l e c t  and r e p e a t  t h e  p r o c e s s .  S i n c e  t h i s  b e h a v i o r  is o c c u r r i n g  i n  a 
r e g i o n  which c o n t a i n s  a t e m p e r a t u r e - s e n s i t i v e  e x o t h e r m i c  r e a c t i o n ,  it is 
a l s o  e x p e c t e d  t h a t  t h e  a m p l i t u d e  of  t h i s  wave f r o n t  w i l l  grow w i t h  t i m e .  
I n t e r e s t i n g l y  enough t h e y  found  t h a t  t h i s  wave f r o n t  e v e n t u a l l y  p r o d u c e s  
m u l t i p l e  s h o c k  c o n t a c t s  which a s y m p t o t i c a l l y  a p p r o a c h  a r e g u l a r  s p a c i n g  
and t h a t  t h i s  s p a c i n g  is dependent  o n  t h e  e x t e n t  and  t h e  d e t a i l e d  
s t r u c t u r e  o f .  t h e  r e a c t i o n  zone of  t h e  d e t o n a t i o n .  

R e l a t i v e  t o  t h e  problem o f  l o n g i t u d i n a l  i n s t a b i l i t y  i n  d e t o n a t i o n  waves, 
Erpenbeck21 h a s  pe r fo rmed  a n  a n a l y s i s  f o r  t r a n s v e r s e  waves w i t h  
a r b i t r a r i l y  l o n g  wave l e n g t h s  (which e f f e c t i v e l y  become a l o n g i t u d i n a l  
d i s t u r b a n c e  i n  t h e  f l o w ) .  H e  o n c e  a g a i n  found  v a l u e s  of  o v e r d r i v e  above  
which i n s t a b i l i t y  o c c u r s .  
pe r fo rmed  a one -d imens iona l  non-s teady  method of c h a r a c t e r i s t i c  a n a l y s i s  
o n  a p r o p a g a t i n g  o v e r d r i v e n  d e t o n a t i o n  p roduced  by a p i s t o n  mot ion .  
They c a r r i e d  t h e i r  a n a l y s i s  o u t  t o  v e r y  l o n g  t i m e s  and  o b s e r v e d  a c o n t i n -  
ued  l a r g e  o s c i l l a t i o n  i n  t h e  shock  v e l o c i t y  f o r  t h e  case t h a t  Ei.penbcck 
p r e d i c t e d  would be u n s t a b l e .  They a l s o  o b s e r v e d  no s u s t a i n e d  o s c i l . l a -  
t i o n s  f o r 2 g n e  o f  E rpenbeck ' s  s t a b l e  c a s e s .  
Erpenbeck h a s  been  a b l e  t o  p r e d i c t  t h e  magn i tude  of  t h e s e  l a r g e  s c a l e  
o s c i l l a t i o n s  b y  e x t e n d i n g  h i s  a n a l y s i s  t o  i n c l u d e  n o n l i n e a r  terms. 

From t h e  above  w e  see t h a t  one  s h o u l d  e x p e c t  hydrodynamic i n s t a b i l i t i e s  
i n  many of t h e  f l o w  s i t u a t i o n s  i n  which a shock  wave is c l o s e l y  f o l l o w e d  
by exo the rmic  c h e m i c a l  r e a c t i o n .  S p e c i f i c a l l y ,  t h e s e  r e s u l t s  show t h a t  
t h e  C J  p l a n e  is no t  i m p o r t a n t  t o  t h e  o c c u r r e n c e  of  f l o w  i n s t a b i l i t i e s  
and  t h e r e f o r e  t h a t  t h e  s e l f  s u s t e n a n c e  o f  d e t o n a t i o n  is n o t  a r equ i r emen t  
f o r  i n s t a b i l i t y .  I n  o t h e r  words, t h e  i n s t a b i l i t i e s  o b s e r v e d  o n  s e l f -  
s u s t a i n i n g  d e t o n a t i o n s  a re  q u i t e  c e r t a i n l y  a r e s t r i c t e d  example o f  a 
g c n e r a l  c l a s s  of  hydrodynamic i n s t a b i l i t i e s  which o c c u r  i n  f l o w s  con- 
t a i n i n g  a h e a t  r e l e a s e  z o n e  f o l l o w i n g  a s h o c k  t r a n s i t i o n .  

I n  a r e c e n t  p a p e r ,  F i c k e t t  and  Wood25 have  

I n  a f o l l o w i n g  pape r ,  

11. S t r u c t u r e  

A number of  i n v e s t i g a t o r s  have o b s e r v e d  t h a t  e s s e n t i a l l y  a l l  d e t o n a t i o n s  
p r o p a g a t e  w i t h  a complex non-steady f r o n t a l  s t r u c t u r e .  E a r l y  work i n  
t h i s  a r e a  was pcrforrned p r i m a r i l y  by R u s s i a n  i n  s i ga to l ;  and h a s  heen  
summarized i n  a number o f  recent R u s s i a n  t e x t s .  3'>'8,2g,d8 The p r imary  
f i n d i n g s  of t h e s e  and  s u b s e q u e n t  i n v e s t i g a t o r s  is  t h a t  t h e  main shock  
f r o n t  c o n s i s t s  o f  many s e c t i o n s  w h i c h . a r e  l o c a l l y  convex towards  t h e  up- 
s t r e a m  f low and t h e  i n ' t e r s e c t i o n  of  t h e s e  s e c t i o n s  a r e  t r a v e l i n g  a c r o s s  
t h e  . f r o n t  a s  waves ( s e e  f o r  example t h e  e a r l y  p h o t o g r a p h s  o b t a i n e d  by 
Whi t e31) .  Both t h e  o c c u r r e n c e  and s t r u c t u r e  of t h e s e  t r a n s v e r s e  waves 
a re  i n t i m a t e l y  c o n n e c t e d  t o  t h e  chen i i s t ry  of t h e  r e a c t i o n s  o c c u r r i n g  i n  
t h e  d e t o n a t i o n .  I n  t h e  f o l l o w i n g  s e c t i o n s  o u r  c u r r e n t  u n d e r s t a n d i n g  of 
t h e  n a t u r e  of t h i s  t r a n s v e r s . e  s t r u c t u r e  and  i ts  i n t e r a c t i o n  w i t h  t h e  
c h e m i s t r y  w i l l  .be, d i s c u s s e d .  



4. 
a .  The  Na tu re  of T r a n s v e r s e  Waves 

The t r a n s v e r s e  waves t h a t  p r o p a g a t e  a c r o s s  t h e  f r o n t  o f  a d e t o n a t i o n  
have  been  found t o  o c c u r  a t  t h e  f r o n t  a s  Mach stems or t r i p l e  shock  
i n t e r s e c t i o n s  of f i n i t e  a m p l i t ~ d e ~ ~ , 3 2 , 3 3 .  The s i n g l e  s p i n  de tona -  
t i o n  t h a t  o c c u r s  i n  a round  t u b e  is u n i q u e  because  it w a s  t h e  f i r s t  
non-one-dimensional  s t r u c t u r e  t o  be o b s e r v e d  and because  it is t h e  
o n l y  example o f  a t r a n s v e r s e  wave s t r u c t u r e  which is s t e a d y  i n  t h e  
p r o p e r  c o o r d i n a t e  s y s t e m .  ( I n  t h i s  c a s e ,  t h e  c o o r d i n a t e  s y s t e m  
which r e n d e r s  t h e  wave m o t i o n  s t e a d y  is o n e  which r o t a t e s  a t  t h e  s p i n  
f r e q u e n c y  w i t h  its a x i s  o f  r o t a t i o n  a l o n g  t h e  t u b e  a x i s . )  S p i n n i n g  
d e t o n a t i o n  c o n t a i n s  a v e r y  complex d o u b l e  Mach s t e m  p a t t e r n  which h a s  
been  d e s c r i b e d  by V o i t s e k h o v s k i i ,  Mi t ro f  anov and J g p ~ h i a n ~ ~  and 
v e r i f i e d  by t h e  c a r e f u l  work o f  Duff32 and S c h o t t  
o b s e r v e d  t r a n s v e r s e  s t r u c t u r e s ,  t h e r e  a r e  a lways  oppos ing  t r a n s v e r s e  
waves p r o p a g a t i n g  a c r o s s  t h e  f r o n t  s i m u l t a n e o u s l y  and the  s t r u c t u r e  
a t  t h e  f r o n t  is n e c e s s a r i l y  t w o  or t h r e e - d i m e n s i o n a l  non-s teady  . 
A t  t h e  p r e s e n t  t i m e ,  a l l  t h e  d e t a i l s  of t h i s  complex s t r u c t u r e  a r e  not 
u n d e r s t o o d .  However, a s  men t ioned  above ,  it is known t h a t  these 
t r a n s v e r s e  waves c o n s i s t  o f  Mach s t e m  i n t e r a c t i o n s  a t  the  f r o n t .  
These have  been o b s e r v e d  e x p e r i m e n t a l l y ,  b o t h  o n  p r o p a g a t i n g  de tona -  
t i 0 n s ~ ~ , 3 5 , 3 6  and a s  a n  a r t i f i c a l l y  produced  
the  “ l a m i n a r “  d e t o n a t i o n  which  White and CaryS7 f i r s t  p roduced  by 
expand ing  a n  o v e r d r i v e n  d e t o n a t i o n  t h r o u g h  a c y l i n d r i c a l  n o z z l e .  A 
s p a r k  i n t e r f e r o g r a m  o f  s u c h  a n  a r t i f i c a l l y  produced  Mach s t e m  and a n  
a n a l y s i s  of its t r i p l e  p o i n t  s t r u c t u r e  is shown i n  F i g u r e  1. T h i s  
s t r u c t u r e  was o b s e r v e d  by White  and and a n a l y z e d  by S t r e h l ~ w . ~ ~  
S t r e h l o w  found t h a t  e v e n  though  t h e  shock  t r i g g e r e d  a h i g h l y  exo the rmic  
r e a c t i o n  a few m i c r o s e c o n d s  a f t e r  it p a s s e s  a n  e l emen t  of t h e  g a s ,  t h e  
t r i p l e  p o i n t  s t r u c t u r e  is s t i l l  c o n t r o l l e d  by a n  u n r e a c t i v e - u n r e a c t i v e  
s l i p s t r e a m  b a l a n c e .  The o b s e r v a t i o n s  on  p r o p a g a t i n g  d e t o n a t i o n s  have 
no t  been  a n a l y z e d  as e x t e n s i v e l y  a t  t h e  p r e s e n t  t i m e .  The re  a r e  still 
s e r i o u s  q u e s t  i o n s  c o n c e r n i n g  t h e  d i s p o s i t i o n  of t h e  r e f l e c t e d  shock  
and  t h e  manner i n  which  it i n t e r a c t s  w i t h  t h e  r e a c t i o n  z o n e .  

The  t r i p l e  p o i n t s  p r o p a g a t i n g  o n  t h e  shock  f r o n t  of t h e  d e t o n a t i o n  
have  been  found t o  have  t h e  p r o p e r t y  t h a t  t h e y  w i l l  “ w r i t e ”  a i n e  on  
a smoked s u r f a c e .  T h i s  b e h a v i o r  was f i r s t  o b s e r v e d  by A n t o l i k J g  i n  
1875  and  w a s  u sed  by E.  Mach i n  c o n j u n c t i o n  w i t h  h i s  s t u d i e s  of s p a r k  
d i s c h a r g e s  and t h e  i n t e r a c - t i o n  o f  shock  waves produced  by b u l l e t s  
f i r e d  i n  t h e  l a b o r a t o r y .  The t e c h n i q u e  l a y  dormant f o r  o v e r  80 y e a r s  
u n t i l  i n  1958, Denisov  a n d  T r o s h i n 4 0  s t a r t e d  t o  u s e  i t  t o  s t u d y  
d e t o n a t i o n  s t r u c t u r e .  
t h a t  t h e  t r i p l e  p o i n t  is w r i t i n g  t h e  p a t t e r n  by d i r e c t  l a s e r  s c h l i e r e n  
pho tography  l o o k i n g  t h r o u g h  t h e  smoked f i l m .  

T h i s  p r o p e r t y  h a s  b e e n  v e r y  h e l p f u l  i n  t h e  s t u d y  of t r a n s v e r s e  wave 
phenomena i n  d e t o n a t i o n s .  To pe r fo rm a n  expe r imen t ,  o n e  s imply  
smokes a s u r f a c e  w i t h  e i rher  wood, acetyleiie, kc i les i~~e ,  o r  zny other 
a p p r o p r i a t e  smoke a n d  e x p o s e s  it t o  t h e  d e t o n a t i o n .  After e x p o s u r e  
t h e  f i l m  is “ f i x e d t t  w i t h  a c l e a r  l a c q u e r  s p r a y .  The q u a l i t y  is 
a l m o s t  a s  good a s  t h a t  o f  a p h o t o g r a p h i c  n e g a t i v e .  A f e w  examples  
of  smoke t r a c k  r e c o r d s  o b t a i n e d  w i t h  d e t o n a t i o n s  p r o p a g a t i n g  i n  a 
r e c t a n g u l a r  t u b e  a r e  shown i n  F i g u r e  2. 

I n  F i g u r e  3, t h e  r e s u l t s  of s t u d y i n g  a symmetr ic  i n t e r a c t i o n  u s i n g  
t h e  smoke t r a c k  t e c h n i q u e  a r e  summarized42.  
of s a n d  g r a i n s  were p l a c e d  o n  t h e  smoke p l a t e  b e f o r e  t h e  d e t o n a t i o n  

. I n  a l l  o t h e r  

e a c t i v e  Mach stem o n  

Oppenheim and U t r i e w 4 1  have  r e c e n t l y  v e r i f i e d  

I n  t h i s  c a s e ,  a number 



5. 

p a s s e d  o v e r ' t h e  p l a t e  and  e a c h  g r a i n  w r o t e  a wake p a t t e r n  w h o s e ' a x i s  
1s normal t o  t h e  l o c a l  o r i e n t a t i o n  o f  t h e  1 e a d i n g . s h o c k  wave of t h e  
d e t o n a t i o n .  , .The i n t e r s e c t i o n  geometry  i s  t h e r e f o r e  c o m p l e t e l y  
d e t e r m i n e d , a n d  one  may c a l c u l a t e  a l l  shock  and  f l o w  p r o p e r t i e s  i n  
t h e  ne ighborhood of  t h e  i n t e r s e c t i o n .  ' From t h i s  c a l c u l a t i o n  one  con-  
c l u d e s  t h a t  t h e  normal shock  v e l o c i t y  is d i s c o n t i n u o u s l y  i n c r e a s e d  by 
abou t  30 t o  40% a t  t h e  c e n t e r  l i n e  o f  t h e  i n t e r s e c t i o n  and  t h e r e f o r e  
t h a t  a l l  p o r t i o n s  o f  t h e  l e a d i n g  shock  are a t t e n u a t i n g  v e r y  r a p i d l y  
i n  t h e  d e t o n a t i o n .  T h i s  is v e r y  d i s t u r b i n g ,  b e c a u s e ' e v e n  though t h e  
shock  is l o c a l l y  p r o p a g a t i n g  a t  a v e l o c i t y  which v a r i e s ' f r o m  10 t o  
20% below C J  t o  1 0  t o  20% above  CJ ,  t h e  d e t o n a t i o n  a s  a whole i s  s t i l l  
o b s e r v e d  t o  p r o p a g a t e  a t  v e r y  close t o  t h e  C J  v e l o c i t y .  The mechanism 
which makes t h i s  p o s s i b l e  is no t  u n d e r s t o o d  a t  t h e  p r e s e n t  t i m e .  

b .  A c o u s t i c  Coup l ing  and  L i m i t s  

The t r a n s v e r s e  waves o n  t h e  d e t o n a t i o n  f r o n t  e x h i b i t  a d e g r e e  of 
r e g u l a r i t y  which is dependen t  o n  t h e  geometry  o f  t h e  d e t o n a t i o n  t u b e  
and  o n  t h e  c h e m i c a l  sys t em which is s u p p o r t i n g  t h e  d e t o n a t i o n .  The 
e f f e c t  o f  d e t o n a t i o n  t u b e  geometry  is p r i m a r i l y  c a u s e d  by t h e  f a c t  
t h a t  t h e  h i g h  p r e s s u r e  r e g i o n s  p r o p a g a t i n g  across t h e  f r o n t  (immedi- 
a t e l y  beh ind  t h e  Mach stem) p roduce  t r a n s v e r s e  p r e s s u r e  waves i n  t h e  
g a s  column f o l l o w i n g  t h e  f r o n t  and  t h a t  these t r a n s v e r s e  waves have 
a t endency  t o  c o u p l e  w i t h  r e s o n a n t  t r a n s v e r s e  modes of  t h e  g a s  column 
downstream o f  t h e  f r o n t .  M a n ~ o n ~ ~  and  Fay44 p r e d i c t e d  t h i s  b e h a v i o r  
f o r  n e a r  l i m i t  d e t o n a t i o n s  a p p r o x i m a t e l y  1 5  t o  20 y e a r s  a g o .  It  now 
a p p e a r s ,  however, t h a t  t h i s  c o u p l i n g  is i n c i d e n t a l  t o  t h e  o c c u r r e n c e  
o f  t r a n s v e r s e  waves o n  t h e  f r o n t .  
have  o b s e r v e d  t r a n s v e r s e  s t r u c t u r e  o n  a' s p h e r i c a l  d e t o n a t i o n .  
However, t h e  o c c u r r e n c e  of  t r a n s v e r s e  waves o n  t h e  f r o n t  is n o t  i n -  
c i d e n t a l  t o  t h e  s e l f - s u s t e n a n c e  o f  t h e  d e t o n a t i o n  wave. I t  h a s  been  
n o t e d  r e p e a t e d l y  i n  t h e  l i t e r a t u r e  t h a t  a s  t h e  i n i t i a l  p r e s s u r e  is 

Flowered o r  a s  t h e  d e t o n a b l e  m i x t u r e  is d i l u t e d  w i t h  a n  i n e r t  g a s ,  
t h e  c h a r a c t e r i s t i c  s p a c i n g  of t h e  s t r u c t u r e  g e t s  l a rge r .  I t  a l s o  h a s  
been  o b s e r v e d  t h a t  t h e  l a s t  t r a n s v e r s e  f r o n t a l  s t r u c t u r e  t h a t  o c c u r s  
i n  any  s p e c i f i c  t u b e  c o r r e s p o n d s  t o  t h e  lowest t r a n s v e r s e  a c o u s t i c  
mode of t h e  h o t  gas  column f o l l o w i n g  t h e  f r o n t  i n  t h a t  t u b e .  I n  t h e  
case of round t u b e s ,  t h i s  mode is t h e  s i n g l e  s p i n  mode. I t  is  a l s o  
now q u i t e  c e r t a i n ,  t h a t  d e t o n a t i o n s  p r o p a g a t i n g  j u s t  i n s i d e  t h e s e  
l i m i t s  p r o p a g a t e  a t  a n  a v e r a g e  v e l o c i t y  lower t h a n  the  C J  v e l o c i t y .  
T h i s  is e v i d e n t l y  c a u s e d  b e c a u s e  a s i g n i f i c a n t  f r a c t i o n  o f  t h e  chemica l  
e n e r g y  r e l e a s e d  i n  t h e  r e a c t i o n  zone  res ides  i n  t r a n s v e r s e  wave ene rgy  
f o r  a n  a p p r e c i a b l e  l e n g t h  of  t i m e  i n  t h e s e  l i m i t  d e t o n a t i o n s .  

I n  c e r t a i n  c h e m i c a l  s y s t e m s ,  t h e  t u b e  geometry  .has  a v e r y  marked e f f e c t  
o n  t h e  r e g u l a r i t y  o f  t h e  w r i t i n g  p a t t e r n .  F i g u r e  4 i l l u s t r a t e s  t h a t  
e x t r e m e l y  r e g u l a r  p a t t e r n s  c a n  b e  o b s e r v e d  i n  r e c t a n g u l a r  and  p l a n a r  
( v e r y  'narrow r e c t a n g u l a r )  g e o m e t r i e s .  I n c i d e n t a l l y ,  t h e  p l a n a r  mode 
o c c u r s  when t h e  p r e f e r r e d  t r a n s v e r s e  s p a c i n g  o f  t h e  d e t o n a t i o n  is a t  
l e a s t  f i v e  t imes , . t h , e  w i d t h  o f  a nar,row c h a n n e l .  I t  is t h e  s i m p l e s t  
s e l f - s u s t a i n i n g  d , e t o n a t i o n  mode whlch may be  s t u d i e d ,  s i n c e  i t  is 
two-dimensional  non-s teady  . 1.n: o t , he r  c h e m i c a l '  s y s t e m s  however, it 
h a s  been  o b s e r v e d  t h a t  t h e  r e g u l a r i t y  o f  t h e  t r a n s v e r s e  s t r u c t u r e  
is poor  i n  a l l  t u b e  g e o m e t r i e s .  T y p i c a l . s m o k e  t ' r a c k  r e c o r d s  a r e  shown 
i n  Figure 2 and  r e s u 1 , t s  f o r  a number of f u e l L o x i d i z e r  'mix t .ures  a r e  
summarized i n  T a b l e  1. The r e a s o n '  f o r  t h i s . b e h a v i o r  h a s  not  been  d i s -  
c o v e r e d  a t  t h e  p r e s e n t  t i m e , .  I t  is, however, q u i t e  o b v i o u s l y  r e l a t e d  
t o  t h e  c h e m i s t r y  o f  t h e  s y s t e m  which is d e t o n a t i n g .  

F o r  example,  Duff and F i n g e r 4 5  
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c .  S p a c i n g  of T r a n s v e r s e  Waves and Chemis t ry  

I n  s y s t e m s  which show a r e a s o n a b l y  r e g u l a r  w r i t i n g  p a t t e r n  i n  rectan- 
g u l a r  t u b e s ,  i t  h a s  been o b s e r v e d  t h a t  t h e  c h a r a c t e r i s t i c  s ize  of 
p a t t e r n  is d i c t a t e d  by t h e  i n i t i a l  p r e s s u r e  l e v e l  and  t h e  d i l u t i o n  . 
The t r a n s v e r s e  wave s p a c i n g  of  r e g u l a r  smoke t r a c k  p a t t e r n s  is u s u a l l y  
d e f i n e d  a s  t h e  a v e r a g e  d i s t a n c e  between two s u c c e s s i v e  waves p ropaga t -  
i n g  i n  t h e  same d i r e c t i o n  measured  a l o n g  a l i n e  p a r a l l e l  t o  t h e  
a v e r a g e  o r i e n t a t i o n  o f  t h e  l e a d i n g  shock  wave, i . e . ,  a l o n g  t h e  
d i a m e t e r  o f  t h e  t u b e .  

i!P 

The most  e x t e n s i v e  d a t a  o n  s p a c i n g  has  been t a k e n  i n  t h e  hydrogen- 
oxygen sys t em c o n t a i n i n g  a r g o n  a s  a n  i n e r t  d i l u e n t .  T h i s  d a t a  is 
summarized and compared w i t h  t h e  a c o u s t i c  p r e d i c t i o n s  f o r  t h e  s p a c i n g  
and  w i t h  a v e r a g e  i n d u c t i o n  zone  and r ecombina t ion  zone  l e n g t h s  i n  
F i g u r e  5. Here t h e  r e c o m b i n a t i o n  zone  l e n g t h  has  been  approx ima ted  
b y  n o r m a l i z i n g  t h e  r e c i p r o c a l  o f  t h e  maximum rate of  r e c o m b i n a t i o n  
and  u s i n g  t h e  flow v e l o c i t y  a t  t h e  s ta r t  of  r e c o m b i n a t i o n .  We n o t i c e  
f rom t h i s  f i g u r e  t h a t  t h e  s p a c i n g  is a lways  l a r g e r  t h a n  t h e  sum o f  
t h e  i n d u c t i o n  p l u s  r e c o m b i n a t i o n  zone  l e n g t h s  i n  t h i s  s y s t e m  and 
t h e r e f o r e  t h a t  e a c h  e l e m e n t  o f  t h e  d e t o n a t a b l e  m i x t u r e  is n e v e r  t r a -  
v e r s e d  by more t h a n  o n e  t r a n s v e r s e  wave o f  t h e  same f a m i l y  b e f o r e  i t  
c o m p l e t e s  i ts  r e a c t i o n .  W e  a l s o  n o t e  f rom F i g u r e  5 t h a t  t h e  s p a c i n g  
p r e d i c t e d  from t h e  a c o u s t i c  t h e o r y  i s  c o n s i d e r a b l y  less t h a n  any o f  
t h e  r e a c t i o n  l e n g t h s  or t h a n  t h e  s p a c i n g  of  t h e  t r a n s v e r s e  wave a t  
t h e  f r o n t  of  t h e  d e t o n a t i o n .  Thus i t  a p p e a r s  t h a t  t h e  a c o u s t i c  
t h e o r y  c a n n o t  be u s e d  t o  p r e d i c t  t h e  s p a c i n g  of t h e  f i n i t e  a m p l i t u d e  
t r a n s v e r s e  w a v e s  t h a t  are o b s e r v e d  o n  p r o p a g a t i n g  d e t o n a t i o n s .  T h i s  
is  n o t  s u r p r i s i n g ,  however ,  s i n c e  t h e  i n t e r a c t i o n  o f  oppos ing  waves 
a p p e a r s  t o  be  t h e  r e g u l a t i n g  mechanism i n  a p r o p a g a t i n g  d e t ~ n a t i o n ~ ~ .  
However, i t  i s  i n t e r e s t i n g  t h a t  t h e  s p a c i n g s  which  a re  measured  and  
t h e  s p a c i n g s  which a r e  c a l c u l a t e d  u s i n g  t h e  a c o u s t i c  t h e o r y  are 
r o u g h l y  p r o p o r t i o n a l  t o  e a c h  o t h e r .  

d .  Spontaneous  Growth o f  T r a n s v e r s e  Waves 

The a c o u s t i c  t h e o r y  of S t r e h l o w  and Fernandesa3  p r e d i c t s  t h a t  c o h e r e n t  
t r a n s v e r s e  w a v e s  s h o u l d  grow i n  a m p l i t u d e  a s  t h e y  p r o p a g a t e  t h r o u  h 
t h e  r e a c t i o n  zone  o f  t h e  d e t o n a t i o n  and t h e  B a r t h e l  and  S t r eh lowag  
t h e o r y  p r e d i c t s  t h a t  a s i n g l e  a c o u s t i c  f r o n t  s h o u l d  c o n v o l u t e  t o  pro-  
duce  a number of  e v e n l y  s p a c e d  shock  c o n t a c t s  a f t e r  some t i m e .  T h i s  
c o n t e n t i o n  has  been v e r i f i e d  e x p e r i m e n t a l l y  f o r  a t  least one  case, 
d u r i n g  t h e  homogeneous i n i t i a t i o n  of d e t o n a t i o n  b e h i n d  a r e f l e c t e d  
shock  wave i n  a hydrogen-oxygen-argon m i x t u r e .  F i g u r e  6 c o n t a i n s  a n  
( x , t )  i n i t i a t i o n  p h o t o g r a p h  a n d  a smoke t r a c k  r e c o r d  o b t a i n e d  
s i m u l t a n e o u s l y  on a s ide  w a l l  o f  t h e  t u b e .  I t  is i n t e r e s t i n g  t o  n o t e  
t h a t  d u r i n g  t h i s  n i c e l y  one -d imens iona l  i n i t i a t i o n  e x p e r i m e n t ,  v e r y  
weak t r a n s v e r s e  waves a p p e a r  on t h e  f r o n t  and t h e n  grow i n  a m p l i t u d e  
( a s  i n d i c a t e d  b y  a n  i n c r e a s e  i n  t h e  r e f r a c t i o n  of  o p p o s i n g  waves a t  
t h e i r  i n t e r s e c t i o n ) .  I n  a r e c e n t  p a p e r ,  S t r e h l o w ,  Liaugminas ,  Watson 
and  E ~ m a n ~ ~  have shown t h a t  t h e  a p p e a r a n c e  l o c a t i o n  o n  t h e  smoke 
t r a c k  r e c o r d s  may be u s e d  t o  p r e d i c t  a r e a s o n a b l y  c o n s t a n t  e x p o n e n t i a l  
c o e f f i c i e n t  f o r  t h e  l i n e a r  t h e o r y  of a c o u s t i c  g rowth .  From t h e s e  
e x p e r i m e n t a l  r e s u l t s  w e  may deduce  t h a t  t h e r e  is  l i t t l e  doub t  b u t  t h a t  
t h e  a c o u s t i c  t h e o r y  of  a m p l i t u d e  growth  o f f e r s  a v i a b l e  mechanism for 
t h e  a p p e a r a n c e  of t h e  f i n i t e  a m p l i t u d e  t r a n s v e r s e  waves t h a t  o c c u r  On 
p r o p a g a t i n g  d e t o n a t i o n s .  



7. 
111. I n i t i a t i o n  and  F a i l u r e  

a .  Flame .to D e t o n a t i o n  I n i t i a t i o n  

T h i s  s u b j e c t  h a s  been  s t u d i e d  e x t e n s i v e l y  i n  t u b e s  o f  v a r y i n g  geometry  
and  i n  many chemica l  s y s t e m s .  By f a r  t h e  m o s t  q u a n t i t a t i v e  s t u d y  of 
t h e  s u b j e c t  h a s  been  per formed b y  Oppenheim, U r t i e w  a n d  c o - ~ o r k e r s ~ ~ - ~ ~  
a t  Berke ley .  The phenomena is complex  and  t h e  p r o c e s s  of flame 
a c c e l e r a t i o n  ( e v e n t u a l l y  l e a d i n g  t o  d e t o n a t i o n )  is  v e r y  dependen t  on  
t h e  c o n d i t i o n  o f  t h e  t u b e  wal l s  and  t h e  p r e s e n c e  o f  obs t ac l e s  i n  t h e  
f l o w .  

I n  g e n e r a l  t h e  p r o c e s s  d e v e l o p s  i n  t h e  f o l l o w i n g  manner.  A flame, 
g e n e r a t e d  a t  t h e  c l o s e d  end  o f  t u b e  p r o d u c e s  a compress ion  wave i n  t h e  
gas  which  s t e e p e n s  i n t o  a shock  wave some d i s t a n c e  f rom t h e  end  o f  
t h e  t u b e .  T h i s  f l o w  d e v e l o p s  a boundary  l a y e r  which  becomes t u r b u l e n t  
and  c a u s e s  t h e  f l ame  to  accelerate.  The a c c e l e r a t i o n  of t h e  flame 
t h e n  s u b s e q u e n t l y  r e i n f o r c e s  t h e  o r i g i n a l  shock  wave. E v e n t u a l l y ,  t h e  
shock  p r e h e a t s  t h e  gas  s u f f i c i e n t l y  t o  c a u s e  t h e  o n s e t  o f  d e t o n a t i o n .  
However, t h e  a c t u a l  o c c u r r e n c e  o f  d e t o n a t i o n  is s o m e t i m e s  o b s c u r e d  
by t h e  p r o x i m i t y  o f  a v e r y  t u r b u l e n t  f l a m e  i n  t h e  ne ighborhood  o f  t h e  
i n i t i a t i o n  p o i n t  and  i n  g e n e r a l  t h e  p r o c e s s  is n o t  one -d imens iona l .  
The a c c e l e r a t i o n  p r o c e s s  depends  v e r y  s t r o n g l y  on  t h e  r a t i o  of t h e  
b u r n i n g  v e l o c i t y  t o  t h e  sound  v e l o c i t y  i n  t h e  c o m b u s t i b l e  m i x t u r e .  
High v a l u e s  o f  t h i s  r a t i o  c a u s e  more r a p i d  a c c e l e r a t i o n  i n  t h e  s y s t e m  
and  t h e r e f o r e  c a u s e  a s h o r t e r  d e t o n a t i o n  " i n d u c t i o n "  d i s t a n c e .  I f  
t h e  t u b e  h a s  a f i n i t e  l e n g t h  and  is closed a t  b o t h  e n d s ,  s h o c k  
r e f l e c t i o n  from t h e  f a r  end  may o c c u r  b e f o r e  i g n i t i o n .  The r e f l e c t i o n  

* p r o c e s s  w i l l  a lways  p r e f e r e n t i a l l y  t r i g g e r  d e t o n a t i o n  and  i t  has  t h e  
added  d i s a d v a n t a g e  t h a t  i t  p r o d u c e s  v e r y  h i g h  p r e s s u r e s  b e f o r e  t h e  
d e t o n a t i o n  o c c u r s .  T h i s  t y p e  of  i n i t i a t i o n  is e x t r e m e l y  i m p o r t a n t  t o  
t h e  p r e d i c t i o n  of p o s s i b l e  haza rdous  d e t o n a t i o n s  i n  large i n d u s t r i a l  
i n s t a l l a t i o n s .  I t  a p p e a r s ,  f rom t h e  i n f o r m a t i o n  now a v a i l a b l e  t h a t  
one  m a y  make q u i t e  r e a l i s t i c  es t imates  o f  t h e  p o s s i b i l i t y  of de tona -  
t i o n  f o r  any  s p e c i f i c  a p p a r a t u s  a n d  c o m b u s t i b l e  m i x t u r e .  

b .  Homogeneous I n i t i a t i o n  

Homogeneous one-d imens iona l  i n i t i a t i o n  h a s  been  o b s e r v e d  beh ind  a 
r e f l e c t e d  shock  wave i n  a c o n v e n t i o n a l  shock  tube54,55,56. 
shows a n  x , t  s c h l i e r e n  in fe rogram o f  s u c h  a n  i n i t i a t i o n  p r o c e s s .  
The g a s  namics  o f  t h i s  p r o c e s s  have  been  modeled by G i l b e r t  and  
Strehlow" u s i n g  a n  ( x ,  t )  method o f  c h a r a c t e r i s t i c s  a n a l y s i s .  They 
assumed t h a t  e a c h  e l e m e n t  o f  t h e  gas reacts w i t h  k i n e t i c s  which  are  
dependen t  o n l y  on t h e  p r e v i o u s  t ime- t empera tu re  p r e s s u r e  h i s t o r y  
and  t h a t  t h e  gas dynamics m a y  be modeled i n  a c o n v e n t i o n a l  manner .  
The r e s u l t s  o f  t h e i r  a n a l y s i s  a g r e e d  w i t h  e x p e r i m e n t a l  o b s e r v a t i o n s  
o f  h i g h  t e m p e r a t u r e  r e f l e c t e d  i n i t i a t i o n  i n  e v e r y  d e t a i l  and  showed 
t h a t  t h i s  t y p e  o f  i n i t i a t i o n  p r o c e s s  is d i r e c t l y  c a u s e d  by t h e  
i n t e r a c t i o n  of  r e a c t i o n  k i n e t i c s  and  i n v i s c i d  gas dynamics .  I n  
s h o r t ,  t h e y  found t h a t  because  shock  h e a t i n g  is a wave p r o c e s s  i t  
g e n e r a t e s  a r e a c t i o n ' w a v e  which i n t e r a c t s  w i t h  and  accelerates  t h e  
shock  wave i n  a manner which  is c o m p l e t e l y  p r e d i c t a b l e  i f  t h e  k i n e t i c s  
a re  w e l l  u n d e r s t o o d .  Fu r the rmore  t h e y  found  t h a t  f o r  t h i s  p r o c e s s  
t h e r m a l  c o n d u c t i o n  and d i f f u s i o n  a r e  u n i m p o r t a n t  t o  t h e  wave develop-. 
ment p r o c e s s .  

F i g u r e  6 



a. 
I n  a f o l l o w i n g  work, S t r e h l o w ,  Crooke r ,  and Cusey57 have  e x p e r i m e n t a l l y  
and t h e o r e t i c a l l y  s t u d i e d  t h e  p r o c e s s  of d e t o n a t i o n  i n i t i a t i o n  when a 
s t e p  shock  wave p a s s e s  i n t o  a s l o w l y  c o n v e r g i n g  c h a n n e l .  Once a g a i n  
t h e y  obse rved  t h a t  t h e  first p o i n t  of i n i t i a t i o n ,  i n  r e a l  t i m e ,  i n  t h e  
c o n v e r g i n g  c h a n n e l  c o u l d  be  p r e d i c t e d  by s i m p l e  a p p l i c a t i o n  of non- 
s t e a d y  g a s  dynamics and  t h e  p r o p e r  r e a c t i o n  k i n e t i c s .  

c .  Hot Spot I n i t i a t i o n  

The most e x t e n s i v e  s t u d i e s  of i n i t i a t i o n  have  been  per formed i n  t h e  
hydrogen-oxygen sys tem56,  58, 59 .  
t h i s  sys t em e x h i b i t s  a s t r i c t l y  homogeneous i n i t i a t i o n  b e h a v i o r  i n  
s i m p l e  f low g e o m e t r i e s .  
h i g h  p r e s s u r e  ( i  .e. ,  a t  h i g h  r e a c t a n t  c o n c e n t r a t i o n s )  t h e  sys tem shows 
a v e r y  unusua l  t y p e  of i n i t i a t i o n  which is d i f f i c u l t  t o  c a t e g o r i z e .  
A t  i ts f irst  a p p e a r a n c e ,  t h e  i n i t i a t i o n  o c c u r s  a s  a series o f  " h o t  
s p o t s "  and  t h e s e  p r o p a g a t e  i n  a number of s p h e r i c a l l y  growing f l a m e s  
u n t i l  t h e  c o a l e s c e n c e  o f  t h e s e  f l a m e s  l e a d s  t o  t h e  i n i t i a t i o n  of 
d e t o n a t i o n .  An example is shown i n  F i g u r e  7 .  T h i s  b e h a v i o r  a p p e a r s  
t o  o c c u r  i n  t h e  p r e s s u r e  and  t e m p e r a t u r e  r e g i o n  which is roughly  
above and t o  t h e  l e f t  of a l i n e  on  a (P,T) e x p l o s i o n  l i m i t  d iagram 
o b t a i n e d  by e x t r a p o l a t i n g  t h e  second  l i m i t  l i n e  i n t o  t h e  " e x p l o s i o n "  
r e g i o n .  I t  a p p e a r s  t h a t  t h i s  b e h a v i o r  o c c u r s  under  c o n d i t i o n s  where 
a p p r e c i a b l e  
t h e  mix tu re58 .  More q u a n t i t a t i v e  work on  t h i s  t y p e  of i n i t i a t i o n  is 
needed .  

A t  h i g h  t e m p e r a t u r e  and low p r e s s u r e  

However a t  l o w  t e m p e r a t u r e  (9000-1100°K) and 

u a n t i t i e s  o f  t h e  s p e c i e s  H 0 2  a r e  a b l e  t o  accumula t e  i n  

d .  D e t o n a t i o n  F a i l u r e  

I n  t h i s  r e v i e w e r ' s  e s t i m a t i o n  t h e  problem o f  d e t o n a t i o n  f a i l u r e  h a s  
not  a d e q u a t e l y  been  s t u d i e d  a t  t h e  p r e s e n t  t i m e .  I t  is q u i t e  
a p p a r e n t  t h a t  e a c h  f r o n t a l  e lement  of a s e l f - s u s t a i n i n g  d e t o n a t i o n  is 

t h i s  p r o c e s s .  To d a t e  t h e r e  h a s  been  o n l y  o n e  t h e o r e t i c a l  s t u d y  of 
t h i s  problem and  t h i s  s t u d y  is r e l a t i v e l y  i n c o m p l e t e .  S t r e h l o w  and 
HartungG1 c o n s t r u c t e d  a " s t eady"  one -d imes iona l  o v e r d r i v e n  d e t o n a t i o n  
and t h e n  a l l o w e d  it t o  i n t e r a c t  w i t h  a s t r o n g  r a r e f a c t i o n  f a n  
a p p r o a c h i n g  it f rom t h e  r e a r .  The k i n e t i c s  were assumed t o  be  z e r o  
o r d e r  w i t h  a c o n s t a n t  a c t i v a t i o n  e n e r g y .  Rapid f a i l u r e  of t h e  detona- 
t i o n  was found t o  o c c u r  f o r  a c t i v a t i o n  e n e r g i e s  o f  18  and 50 k c a l .  
Fo r  a t h i r d  c a s e ,  when t h e  a c t i v a t i o n  ene rgy  was assumed t o  be  z e r o ,  
t h e  r e s u l t s  were i n c o n c l u s i v e  b e c a u s e  t h e  d e t o n a t i o n  d i d  not decay  
t o  below t h e  C J  v e l o c i t y .  A s  men t ioned  above, more work is needed 
o n  f a i l u r e  of d e t o n a t i o n  waves. 

T,, rnL- IT-- 
L U G  U ~ C  of D e i v n a t i o n s  i n  R e a c t i o n  K i n e t i c  S t u d i e s  

T h e r e  have  been  two ma jo r  t e c h n i q u e s  deve loped  t o  s t u d y  r e a c t i o n  
k i n e t i c s  i n  a c t u a l  d e t o n a t i o n s ,  White and  have  produced  
" l a m i n a r "  d e t o n a t i o n s  by p a s s i n g  a n  o r d i n a r y  d e t o n a t i o n  t h r o u g h  a con- 
v e r g e n t - d i v e r g e n t  n o z z l e .  While t h i s  f l ow is non-s teady  it is S t i l l  
u s e f u l  f o r  r a t e s  s t u d i e s .  They have  a p p l i e d  it t o  t h e  s t u d y  of 
v i b r a t i o n a l  r e l a x a t i o n  i n  e x o t h e r m i c  s y s t e m s  and  t o  t h e  s t u d y  of t h e  
e f f e c t  of v i b r a t i o n a l  r e l a x a t i o n  p r o c e s s e s  o n  i n d u c t i o n  zone  k i n e t i c s .  
T h i s  t e c h n i  ue  h a s  a l s o  e used  t o  s t u d y  i n d u c t i o n  z o n e  k i n e t i c s  by 
Mul laney  a n 3  co-workers69, g!? 



9. 

I n  a n o t h e r  t e c h n i q u e ,  a one -d imens iona l  d e t o n a t i o n  h a s  been  s t a b i l i z e d  
i n  a wind t u n n e l  and  t h e  r e a c t i o n  p r o f i l e  s t u d i e d  by o b s e r v i n g  t h e  
P r e s s u r e  p r o f i l e  downstream of t h e  normal shockG4. T h i s  t e c h n i q u e  h a s  
i n t e r e s t i n g  e n g i n e e r i n g  i m p l i c a t i o n s  b e c a u s e  it measu res  o v e r a l l  r a t e s  
of h e a t  r e l e a s e  d i r e c t l y  i n  a n i c e l y  c o n t r o l l e d  one-dimensional  geometry .  

U n f o r t u n a t e l y ,  it a p p e a r s  t h a t  a l l  a t t e m p t s  t o  r e s o l v e  t h e  r e a c t i o n  zone  
i n  o r d i n a r y  s e l f - s u s t a i n i n g  d e t o n a t i o n s  are  doomed t o  f a i l u r e ,  because  
of t h e  p r e s e n c e  of  t r a n s v e r s e  waves. S o l o u k h i n  i n  h i s  d i s c u s s i o n  of 
what are ,  i n  h i s  t e r m i n o l o g y ,  "mul t i - f  r o n t e d  de tona t ions"60 ,  h a s  p o i n t e d  
o u t  t h a t  e i t h e r  a v e r a g i n g  across t h e  t r a n s v e r s e  s t r u c t u r e  w i t h  o p t i c a l  
t e c h n i q u e s  or u s i n g  p r e s s u r e  t r a n s d u c e r s  a t  t h e  w a l l  w i l l  a lways  y i e l d  
r e s u l t s  which a r e  i n c o r r e c t  i n  terms .of a one -d imens iona l  t h e o r y .  Thus 
t h e  u t i l i t y  of o r d i n a r y  p r o p a g a t i n g  d e t o n a t i o n s  f o r  k i n e t i c  s t u d i e s  is 
a t  b e s t  m a r g i n a l .  

SHOCK TUBE HYDRODYNAMICS 

S i n c e  t h e  i n c e p t i o n  of  i ts u s e  i n  t h e  e a r l y  1 9 5 0 ' s  t h e  c h e m i c a l  shock  
t u b e  h a s  g r e a t l y  expanded t h e  t e m p e r a t u r e  r a n g e  a v a i l a b l e  f o r  
q u a n t i t a t i v e  e x p e r i m e n t a l  s t u d i e s  of t h e  phys ico -chemica l  p r o p e r t i e s  
o f  g a s e s .  The s u c c e s s  of i t s  a p p l i c a t i o n  as  a r e s e a r c h  too l  may be  
gauged by t h e  f a c t  t h a t  t h r o u g h o u t  t h e  wor ld  t h e  e x t a n t  c h e m i c a l  
shock  t u b e  l i t e r a t u r e  c o n s i s t s  of o v e r  a t h o u s a n d   reference^^^, 
is p r e s e n t l y  b e i n g  i n c r e a s e d  a t  t h e  r a t e  of a p p r o x i m a t e l y  150 
r e f e r e n c e s  p e r  y e a r .  

I n  t h e  f i e l d  of  r e a c t i o n  k i n e t i c s  s t u d i e s  t h e r e  are t w o  fundamen ta l  
r e a s o n s  f o r  t h i s  s u c c e s s .  
p roduced  d u r i n g  t h e  o p e r a t i o n  o f  a n  i d e a l  shock  t u b e  y i e l d s  a n  ~ 

e x t r e m e l y  p r e c i s e  and  r e p r o d u c i b l e  h e a t i n g  c y c l e  w i t h  e x c e l l e n t  
i n i t i a l  c o n d i t i o n s .  I n  t h e  second  p l a c e  t h e  shock  t u b e  is p a r t i c u l a r l y  
s u i t e d  f o r  s t u d i e s  i n  s y s t e m s  t h a t  a re  h i g h l y  d i l u t e d  w i t h  a n  i n e r t  g a s  
and  s t u d i e s  i n  s u c h  d i l u t e  s y s t e m s  have  c o n s i s t e n t l y  y i e l d e d  t h e  b e s t  
q u a n t i t a t i v e  k i n e t i c  d a t a .  T h e r e f o r e ,  o n e  might  s ay  t h a t  g a s  dynamics 
is t h e  s e r v a n t  which allows one  t o  make r e l a t i v e l y  p r e c i s e  r a t e  
measurements  a t  hLgh t e m p e r a t u r e s  i n  a c h e m i c a l  shock  t u b e .  However, 
i t  i s  a l s o  t h e  master of  t h e  s i t u a t i o n  i n  t h a t ,  ( 1 )  t h e  geometry  of 
t h e  c h e m i c a l  shock  t u b e  is d i c t a t e d  pr imar i1 .y  by g a s  dynamics  con- 
s i d e r a t i o n s ,  ( 2 )  s p e c i f  i c  g a s  dynamics  n o n - i d e a l i t i e s  l i m i t  t h e  u t i l i t y  
o f  t h e  a p p a r a t u s  and  ( 3 )  t h e  c o u p l i n g  of  t h e  c h e m i c a l  r e a c t i o n  and t h e  
g a s  dynamics is a l w a y s  i m p o r t a n t  t o  t h e  s t u d y  o f  r e a c t i o n  k i n e t i c s ;  
p a r t i c u l a r l y  i n  e x o t h e r m i c  s y s t e m s .  

A t  t h e  p r e s e n t  time s u f f i c i e n t  i n f o r m a t i o n  h a s  been c o m p i l e d  conce rn -  
i n g  t h e  behav io r  of  shock  t u b e s ,  so t h a t  t h e  d e s i g n  o f  a shock  t u b e  
f o r  p r e c i s e  c h e m i c a l  r a t e  s t u d i e s  is p o s s i b l e .  T h i s  p o r t i o n  of  t h e  
p a p e r  w i l l  p r e s e n t  a c r i t i c a l  d i s c u s s i o n  o f  t h e  r e l a t i v e  merite of  
v a r i o u s  e x p e r i m e n t a l  t e c h n i q u e s  and  i n  a d d i t i o n  w i l l  r e v i e w  r e c e n t  
work on non- idea l  shock  t u b e  b e h a v i o r  and r e c e n t l y  a c q u i r e d  knowledge 
c o n c e r n i n g  t h e  o c c u r r e n c e  o f  t h o s e  f l o w  i d e a l i t i e s  c a u s e d  by t h e  
p r e s e n c e  of exo the rmic  r e a c t i o n s .  

I .  S t u d i e s  Behind "Steady"  I n c i d e n t  Shock Waves 

The  most p r e c i s e  measurement of  a c h e m i c a l  r e a c t i o n  r a t e  c o n s t a n t  
may be  o b t a i n e d  by o b s e r v i n g . t h e  r e a c t i o n  immedia te ly  b e h i n d  t h e  
i n c i d e n t  shock  wave p roduced  i n  a c o n v e n t i o n a l  shock  t u b e .  F o r  t h e  

and  

I n  t h e  f i r s t  p i a c e  t h e  s t e p  s h o c k  wave 
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h i g h e s t  p r e c i s i o n  it is i m p e r a t i v e  t h a t  t h e s e  measurements  be  made a t  
h i g h  d i l u t i o n  i n  a monatomic g a s  and  t h a t  b o t h  t h e  r a t e  measurement 
and t h e  shock  v e l o c i t y  measurement be  e x t r a p o l a t e d  t o  t h e  i n s t a n t  t h e  
shock  uncovered  t h e  o b s e r v a t i o n  s t a t i o n .  I n  a l l  o t h e r  c a s e s  f l o w  non- 
i d e a l i t i e s  w i l l  c a u s e  d i f f i c u l t i e s  i n  t h e  i n t e r p r e t a t i o n  o f  t h e  d a t a .  
T h i s  t y p e  o f  e x t r a p o l a t i o n  is p o s s i b l e  i n  o n l y  c e r t a i n  s p e c i f i c  c a s e s ,  
f o r  example,  i n  t h e  s t u d y  of t h e  i n i t i a l  d i s s o c i a t i o n  r a t e  of a 
d i a t o m i c  o r  more complex molecu le .  T y p i c a l  examples  of i n v e s t i g a t i o n s  
which have  y i e l d e d  r e s u l t s  of h i g h  p r e c i s i o n  u s i n g  t h i s  t e c h n i q u e  a r e  
t h e  measurements  o f  t h e  d i s s o c i a t i o n  r a t e  of t r i a t o m i c  m o l e c u l e s  by 
Olschewski ,  Troe  and  Wagnere6, 6 7 ,  68,  69, t h e  easurement  of hydrogen 
d i s s o c i a t i o n  by Myerson, Thompson and Josephvo and t h e  measurement of 
oxygen atom r e c o m b i n a t i o n  by K i e f e r  and Lu tz71 .  

I n  c a s e s  where t h e  r e a c t i o n  p r o c e s s  must be  f o l l o w e d  f o r  a l o n g  t ime  
a f t e r  shock  p a s s a g e  t h e  measurement of a c o r r e c t  r a t e  is not r e a l l y  
v e r y  s t r a i g h t f o r w a r d .  The raw d a t a  a f t e r  b e i n g  r educed  w i t h  t h e  h e l p  
of i d e a l  shock  t u b e  t h e o r y  must s t i l l  be  c o r r e c t e d  f o r  t h e  non- idea l  
f l ow b e h a v i o r  i n  t h e  p a r t i c u l a r  t u b e  t h a t  is be ing  used  i n  t h e  
e x p e r i m e n t .  S i n c e  combus t ion  d r i v e r s ,  h e a t e d  g a s  d r i v e r s ,  doub le  
d iaphragm t u b e s ,  d e t o n a t i o n  d r i v e r s ,  e tc . ,  produce  n o t o r i o u s l y  non- 
i d e a l  f l ow s i t u a t i o n s  i n  t h e  test g a s ,  w e  w i l l  d i s c u s s  c o r r e c t i o n  pro- 
c e d u r e s  which must be  u s e d  f o r  o n l y  t h e  s i m p l e s t  d r i v i n g  p r o c e s s :  a 
c o l d  g a s  d r i v e r  o p e r a t i n g  w i t h  a s i m p l e  p r e s s u r e  b u r s t  i n  a c o n v e n t i o n a l  
c o n s t a n t  a r e a  shock  t u b e .  Even i n  t h i s  c a s e  t h e r e  a r e  t h r e e  o v e r l a p p i n g  
b u t  r e l a t i v e l y  i n d e p e n d e n t  c o r r e c t i o n s  which must c o n c e r n  t h e  i n v e s t i -  
g a t o r  i f  h e  is t o  o b t a i n  r e a s o n a b l e  r a t e  c o n s t a n t s .  The f i r s t  of t h i s  
c o n c e r n s  t h e  diaphragm m a t e r i a l  u s e d  i n  t h e  s t u d y .  Diaphragm opening  
t i m e  is a f u n c t i o n  of b o t h  t h e  i n e r t i a  and t h e  t e a r i n g  p r o p e r t i e s  of 
t h e  diaphragm m a t e ~ - i a l ~ ~ , ~ ~ .  P r o b a b l y  t h e  b e s t  m a t e r i a l  i n  t h i s  r e s p e c t  
i s  c e l l u l o s e  a c e t a t e  b e c a u s e  it d i s i n t e g r a t e s  so  t h o r o u g h l y  on  b u r s t i n g .  
Mylar  is q u i t e  s low and i r r e g u l a r  and h a s  been  shown t o  p roduce  
i r r e p r o d u c i b l e  l a t e  p r e s s u r e  p u l s e s 7 4  ( p r o b a b l y  due t o  f l a p p i n g  or l a t e  
t e a r i n g )  which c o u l d  l e a d  t o  s c a t t e r  i n  t h e  r a t e  measurements .  Metal  
d i aphragms  i n  g e n e r a l  a p p e a r  t o  open  r a t h e r  s l o w l y  b u t  r e a s o n a b l y  
r e p r o d u c i b l e ,  i f  s c o r e d  u n i f o r m l y .  

I t  h a s  been  o b s e r v e d  t h a t  even  when r e p r o d u c i b l e ,  t h e  r a t e  of t h e  d i a -  
phragm open ing  p r o c e s s  is ex t r eme ly  imp0 t a n t  i n  d e t e r m i n i n g  t h e  e a r l y  
b e h a v i o r  of t h e  s h o c k  t u b e  f l o w .  
shown t h a t  f o r  a s low d iaphragm open ing  p r o c e s s ,  t h e  shock  v e l o c i t y  
i n c r e a s e s  f o r  a c o n s i d e r a b l e  d i s t a n c e  and o n l y  t h e n  e x h i b i t s  t h e  decay 
t h a t  one  would e x p e c t  f r o m  boundary l a y e r  growth .  I t  h a s  been  shown 
t h e o r e t i c a l l y  t h a t  t h i s  s low a c c e l e r a t i o n  may e a s i l y  y i e l d  v e l o c i t i e s  
which a r e  s l i g h t l y  above t h e  t h e o r e t i c a l  v e l o c i t y  f o r  t h a t  b u r s t i n g  
p r e s s u r e  r a t i o .  S i n c e  t h i s  is t h e  f o r m a t i v e  p e r i o d  f o r  t h e  shock  wave, 
i t  is b e s t  t o  make k i n e t i c  measurements  o u t s i d e  of t h i s  r e g i o n .  T h i s  
r e g i o n  e x t e n d s  f o r  a d i s t a n c e  from t h e  diaphragm c lamp which is a 
f u n c t i o n  of t h e  d iaphragm m a t e r i a l ,  t h e  b u r s t i n g  p r e s s u r e  r a t i o  and 
t h e  t u b e  d i a m e t e r .  White72 r e p n r t s  an accelerat ing E ~ I O C ~  40' f ren  t h e  
clamp w i t h  a metal d iaphragm i n  a 3 1/4" s q u a r e  t u b e  at  M = 1 5  i n  argon.  
However a t  a shock  Mach number of 8 he  found  t h a t  t h e  maximum v e l o c i t y  
o c c u r r e d  o n l y  12 f e e t  f rom t h e  diaphragm. I f  one  r e m a i n s  c l e a r  of t h i s  
a c c e l e r a t i n g  r e g i o n  t h e  ma jo r  problem which may a r i s e  from t h e  diaphragm 
b u r s t i n g  p r o c e s s  is t h e  problem of l a t e  s p u r i o u s  p r e s s u r e  s i g n a l s  from 
m a t e r i a l s  s u c h  a s  m y l a r .  

White75 and Alphe r  and White73 have 
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O t h e r  f low n o n - i d e a l i t i e s  t h a t  o c c u r  i n  a shock  t u b e  d u r i n g  t h e  l a t e  
f low a r e  a l l  c o n n e c t e d  t o  t h e  deve lopment  of t h e  boundary  l a y e r  b e h i n d  
t h e  i n c i d e n t  s h o c k .  These  e f f e c t s  have  b e e n  r e v i e w e d  by S e n c e  and 
Woods75 and by Holbeche and  Spence76.  
i n  a number of  p a p e r s  h a s  d i s c u s s e d  t h e  s e r i o u s n e s s  of  t h i s  problem.  
I f  one  assumes a n  i d e a l  d iaphragm b u r s t  it has been  f o u n d  t h a t  t h e  f l o w  
e s s e n t i a l l y  d i v i d e s  i t se l f  i n t o  two r e g i m e s .  The f i r s t  of t h e s e  is a 
p e r i o d  when t h e  s h o c k  is d e c a y i n g  due  t o  t h e  boundary  l a y e r  g rowth .  
Dur ing  t h i s  p e r i o d ,  t h e  l e n g t h  of t h e  h o t  column o f  tes t  g a s  is growing 
a t  a r e a s o n a b l y  c o n s t a n t  r a t e  t h a t  is  somewhat below t h e  t h e o r e t i c a l  
r a t e  p r e d i c t e d  by i d e a l  t h e o r y .  A f t e r  t h i s  i n i t i a l  p e r i o d  t h e  boundary  
l a y e r  h a s  grown t o  s u c h  a n  e x t e n t  t h a t  it is a c c u m u l a t i n g  t e s t  g a s  f rom 
t h e  ma in  sample  a t  t h e  same r a t e  a s  t h e  i n c i d e n t  shock  is a c c u m u l a t i n g  
new t e s t  g a s .  I n  t h i s  s i t u a t i o n ,  t h e  ra te  o f  decay  i n  t h e  i n c i d e n t  
shock  v e l o c i t y  becomes less t h a n  b e f o r e  and  t h e  l e n g t h  o f  t h e  test  g a s  
colug8 becomes r e l a t i v e l y  c o n s t a n t .  T h i s  e f f e c t  w a s  f i r s t  r e p o r t e d  by 
Duff R e c e n t l y  Fox, McLaren and  HobsonS3 have  shown t h a t  Mirel 's  
t h e o r y  q u i t e  a d e q u a t e l y  p r e d i c t s  t h e  o b s e r v e d  b e h a v i o r .  

I n  a d d i t i o n ,  M i r e l ~ ~ ~ , ~ ~ ,  79,80y 81, 

. 

T h e r e  a r e  t w o  d i s t i n c t l y  d i f f e r e n t  t y p e s  of  c o r r e c t i o n s  n e c e s s a r y  be- 
c a u s e  of  t h e s e  f l o w  n o n - i d e a l i t i e s .  I n  t h i s  p a p e r  t h e  e f f e c t s  of 
non- idea l  f l o w  w i l l  be  d i s c u s s e d  f o r  o n l y  t h e  s t a t e  p r o p e r t y  t e m p e r a t u r e  
b e c a u s e  r e a c t i o n  r a t e s  a r e  p r i m a r i l y  t e m p e r a t u r e  s e n s i t i v e .  I n  t h e  
f i r s t  p l a c e  t h e  s h o c k  wave is c o n t i n u a l l y  d e c e l e r a t i n g  -- a t  f i r s t  
r a p i d l y  and  l a t e r  s l o w l y  -- and  t h i s  i n t r o d u c e s  a t e m p e r a t u r e  g r a d i e n t  
i n  t h e  g a s  sample  which c a n  be l a r g e .  T h i s  t e m p e r a t u r e  g r a d i e n t  may 
be  c a l c u l a t e d  i f  o n e  assumes  t h a t  t h e  shock  a t t e n u a t e s  a t  a s p e c i f i c  
r a t e  and  t h a t  t h e r e  a re  t w o  p o s s i b l e  l i m i t  b e h a v i o r s  f o r  t h e  p r e s s u r e  
decay  beh ind  t h e  f r o n t .  These  a r e :  1. Each f l u i d  e l emen t  r e t a i n s  its 
shock  t r a n s i t i o n  p r e s s u r e .  I n  t h i s  case t h e  g a s  c o n t a i n s  a r e l a t i v e l y  
s t e p  p r e s s u r e  g r a d i e n t  due  t o  a t t e n u a t i o n  and  2 .  Each e l emen t  of gas 
a f t e r  shock  compress ion ,  is i s e n t r o p i c a l l y  expanded t o  t h e  i n s t a n t a n e o u s  
shock  t r a n s i t i o n  p r e s s u r e .  The r e a l  b e h a v i o r  b e h i n d  t h e  d e c a y i n g  s h o c k  
l i e s  somewhere between these two l i m i t  b e h a v i o r s .  T h e s e  two a s s u m p t i o n s  
y i e l d  t h e  f o l l o w i n g  e q u a t i o n s  f o r  t h e  t e m p e r a t u r e  g r a d i e n t  i n  t h e  gas  
f o l l o w i n g  t h e  shock  wave. 

1. With a r e s i d u a l  p r e s s u r e  g r a d i e n t  (no  p r e s s u r e  change  a f t e r  
shock  t r a n s i t  i o n )  

2 .  With i s e n t r o p i c  e x p a n s i o n  

F i g u r e  8 is a p l o t  o f  T 2 / m i l l i s e c o n d  i n  t h e  f l o w  b e h i n d  a shock  wave 
i n  a r g o n  w i t h  a n  a t t e n u a t i o n  r a t e  of 1% p e r  meter, A s  t h i s  f i g u r e  shows, 
t h e  g r a d i e n t s  a re  s i z a b l e  and v e r y  dependent  o n  t h e  t e s t i n g  t e m p e r a t u r e  

The second  c o r r e c t i o n  h a s  been e s t i m a t e d  by Mirelsgl o n  t h e  b a s i s  of  a '  
boundary l a y e r  deve lopment  t h e o r y .  I n  h i s  t h e o r y  f o r  t h e  l a t e  f l o w  he 
assumes  a c o n s t a n t  v e l o c i t y  shock  wave p r o p a g a t i n g  down t h e  t u b e  and  
he  c a l c u l a t e s  t h e  c h a n g e s  i n  f l o w  p r o p e r t i e s  a l o n g  t h e  t u b e  a x i s  due  t o  

T2 * 



12. 

the boundary layer growth. His results are plotted as a function of 
the dimensionless distance from the shock wave l/lm where 1, is the 
equilibrium length of the hot gas column. In general he finds that 
all state properties increase in value as one travels away from the 
shock. Specifically for a gamma = 5/3 gas at M = 3 he finds that the 
temperature rises to about 1.07 T2 at a distance 1 = 0.2 IF and then 
remains relatively constant for the remainder of the transit time. 
However he finds that an even more serious correction than this is the 
correction to the testing time that must be included for strong shocks 
Specifically, the real testing time for a strong shock increases 
rapidly over the ideal testing time and at a position 1 = 0.2 1, the 
real testing time is 3/2 of the ideal testing time. This has been 
verified quantitatively by Fox, McLaren and H ~ b s o n ~ ~ .  

The non-ideal temperature drifts caused by the effects of shock 
velocity attenuation and boundary layer growth are in the same 
direction (each yielding a temperature increase as one travels away 
from the shock) and they may be added to a good first approximation. 
The testing time correction augments both of these temperature gradients 1 
and can in itself cause large errors if ideal flow is assumed. It 
appears as though some of the extant reaction kinetic data obtained 
in shock tubes should be re-evaluated in the light of these developments. 
It should be pointed out that these corrections can change the 
apparent activation energy of the reaction as well as the absolute 
rate because in all cases the correction becomes more severe as the 
run temperature increases. 

i 

\ 

: In the previous discussion it was implied that dilution with an inert 
monatomic gas is desirable for accurate kinetic rate measurements. 
Modica and La Graff84 have recently studied the decomposition of N2F4 
using both argon and nitrogen as a diluent and their comparative re- 
sults reinforce the contention that monatomic gas dilution is i 

necessary to reduce the ambiguity of results. In another interesting 
experiment along these same lines Seery and B r i t t ~ n ~ ~  have shown that 
xenon is apparently not a completely inert diluent during the 
dissociation of fluroine. 

11. Reflected-Shock Time-Resolved Techniques 

Rate measurements made behind the reflected shock offer certain 
advantages over measurements made using the incident technique. In 
particular, sampling with a time-of-flight or quadrapole mass 
spectrometer is possible and laboratory time is real time because 
the gas is relatively quiescent in the neighborhood of the end-wall. 
Also, for the same initial conditions the reflected technique produces 
considerably high temperatures than an incident technique. 

I 

In this section we will discuss some difficulties exhibited by only 
the simplest time-resolved reflected techniques, those in which a 
sample is drawn from the end wall for mass spectrometer analysis or 
in which an emission or absorption spectroscopic technique is Used 
to observe a gas sample trapped near the back wall. In these cases 
the initial temperature behind a reflected shock may be calculated 
quite accurately from the incident shock velocity measured at the 
moment of impact, assuming that the gas is entirely inert. The shock 
velocity at impact must be determined by extrapolating upstream 
measurements and the calculation is only valid for the case where the 
reactant is highly diluted with a monatomic carrier gas,. As in the 
case of incident measurements, if it is not possible to extrapolate 
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t h e  r a t e  t o  t h e  shock ,  c o r r e c t i o n s  f o r  t h e  f l o w  n o n - i d e a l i t i e s  must 
be  i n c l u d e d  t o  a c c u r a t e l y  d e t e r m i n e  t h e  r a t e s .  

Boundary l a y e r  c o r r e c t i o n s  are  s t i l l  i m p o r t a n t  i n  t h i s  case.  I f  o n e  
o p e r a t e s  n e a r  t h e  back  w a l l  ( w i t h i n  a p p r o x i m a t e l y  5mm of t h e  back w a l l )  
t h e  t e s t i n g  t i m e  c o r r e c t i o n  ceases t o  b e  i m p o r t a n t  and i f  o n e  o p e r a t e s  
w i t h  a monatomic c a r r i e r  g a s ,  b i f u r c a t i o n  p rob lems  a r e  no t  s e r i o u s 8 6 .  
However t h e  p r e s s u r e  r i s e  i n  t h e  g a s  t r a v e l i n g  beh ind  t h e  i n c i d e n t  
shock  d o e s  c a u s e  a s e r i o u s  p e r t u r b a t i o n  t o  t h e  p r e s s u r e - t i m e  and 
t empera tu re - t ime  h i s t o r y  of t h e  g a s  s a m p l e t r a p p e d  n e a r  t h e  back  w a l l .  
A s  t h e  r e f l e c t e d  shock  p r o p a g a t e s  away f rom t h e  back  w a l l ,  it e n c o u n t e r s  
t h i s  p r e s s u r e  i n c r e a s e  and t r a n s m i t s  s i g n a l s  t o  t h e  g a s  a t  t h e  back  
w a l l .  F o r t u n a t e l y  t h e  sample  n e a r  t h e  back  w a l l  is compressed i s e n -  
t r o p i c a l l y  d u r i n g  t h i s  p r o c e s s  and  f o r  a monatomic g a s  t h e  t e m p e r a t u r e  
i n c r e a s e  may b e  e s t i m a t e d  r a t h e r  a c c u r a t e l y  u s i n g  t h e  e q u a t i o n :  

Thus a p r e s s u r e  gauge  may b e  u s e d  t o  m o n i t o r  t h e  ra te  o f  p r e s s u r e  
change  a t  t h e  back w a l l  a n d t h i s  r a t e  o f  change  may b e  u s e d  t o  e s t i m a t e  
t h e  e q u i v a l e n t  t e m p e r a t u r e  d r i f t  n e a r  t h e  back  w a l l .  A l t e r n a t e l y ,  
Mi re l s ’ theo ry  may be  used  i n  c o n j u n c t i o n  w i t h  R u d i n g e r ’ s  s i m p l i f i e d  
method of c h a r a c t e r i s t i c s  a n a l y s i s 8 7  t o  c a l c u l a t e  a p r e s s u r e  and  
t e m p e r a t u r e  change  a t  t h e  back w a l l  f o r  t h e  p a r t i c u l a r  shock  t u b e  and  
i n i t i a l  c o n d i t i o n s  o f  t h e  e x p e r i m e n t .  

I n  t h e  c a s e  of mass  s p e c t r o m e t e r  a n a l y s e s  s a m p l i n g  t e c h n i q u e s  are 
i m p o r t a n t  and t h e  c o r r e c t i o n  f o r  h e a t  t r a n s f e r  t o  t h e  w a l l  s h o u l d  be 
c o n s i d e r e d  i n  any  c a l c u l a t i o n 8 8 .  These  c o r r e c t i o n s  a r e  r e a s o n a b l y  
s t r a i g h t f o r w a r d ,  however, s i n c e  i n  t h i s  t i m e  sca le  c o n v e c t i o n  does  
not  o c c u r .  T h e r e f o r e ,  o n l y  a c o n d u c t i o n  e q u a t i o n  need b e  s o l v e d  t o  
d e t e r m i n e  t h e  n e c e s s a r y  c o r r e c t i o n .  Heat t r a n s f e r  can  a l s o  be  i m p o r t a n t  
i n  s p e c t r o s c o p i c  t e c h n i q u e s  b e c a u s e  a b s o r p t i o n  i n  t h e  cold boundary  
l a y e r  g a s e s  a t  t h e  w a l l  c a n  c o m p l e t e l y  domina te  t h e  measurement i n  
c e r t a i n  cases89. 
a p p a r a t u s  t o  c i r cumven t  t h i s  d i f f i c u l t y .  

I n  a d d i t i o n  t o  t h e  above ,  r e f l e c t e d - s h o c k ,  t i m e - r e s o l v e d  t e c h n i q u e s  
s u f f e r  from t w o  u n i q u e  d i f f i c u l t i e s  related t o  the  c h e m i s t r y .  I n  t h e  
f i r s t  p l a c e ,  t h e  o c c u r r e n c e  of  c h e m i c a l  r e a c t i o n  b e h i n d  t h e  i n c i d e n t  
shock  canno t  a lways  D e  d i s m i s s e d  i n  a n  2 p s i o r i  manner b u t  s h o u l d  be 
examined f o r  e a c h  e x p e r i m e n t a l  s y s t e m .  T h i s  problem is p a r t i c u l a r l y  
s e r i o u s  f o r  a f i r s t  o r d e r  r e a c t i o n  w i t h  a r e l a t i v e l y  l o w  a c t i v a t i o n  
ene rgy  and c o u l d  a l s o  b e  s e r i o u s  f o r  a second  order r e a c t i o n  w i t h  a 
v e r y  low a c t i v a t i o n .  I n  t h e  s e c o n d  p l a c e ,  t h e  o c c u r r e n c e  of  a r e a c t i o n  
b e h i n d  t h e  r e f l e c t e d  shock  l e a d s  t o  a non-steady r e f l e c t e d  shock  
b e h a v i o r .  T h e r e  a r e  t w o  r e a s o n s  f o r  t h i s ;  e i t h e r  t h e  m o l e c u l a r  we igh t  
o r  t h e  e n t h a l p y  of t h e  g a s  may change  due  t o  t h e  o c c u r r e n c e  of  t h e  
c h e m i c a l  r e a c t i o n .  By f a r  t h e  most i m p o r t a n t  of  t h e s e  t w o  changes  
unde r  o r d i n a r y  c o n d i t i o n s  is t h e  e n t h a l p y  change  a s s o c i a t e d  w i t h  t h e  
r e a c t i o n  p r o c e s s .  I f  a n  endo the rmic  r e a c t i o n  o c c u r s  b e h i n d  t h e  re- 
f l e c t e d  shock ,  t h e  shock  wave w i l l  decelerate  and  t h i s  w i l l  c a u s e  a 
p r e s s u r e  d e c r e a s e  and  a n  a t t e n d a n t  i s e n t r o p i c  t e m p e r a t u r e  d e c r e a s e  a t  
t h e  back  w a l l .  
of t h i s  f l o w  and  a d e t a i l e d  method of  cha rac t e r i s t i c  c a l c u l a t i o n  of  
t h e  i n t e r a c t i o n  f o r  t h e  v i b r a t i o n a l  r e l a x a t i o n  of oxygen h a s  been  
r e p o r t e d  by N a f ~ i n g e x - 9 ~ .  

A l l e n ,  T e x t o r i s  and  Wilsongg have  d e v e l o p e d  a n  i n g e n i o u s  

Johnson and B r i t t o n g o  have  d i s c u s s e d  t h e  ma in  f e a t u r e s  

H e  found  t h a t  t h e  s h o c k  r e l a x a t i o n  p r o c e s s  
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t o o k  a p p r o x i m a t e l y  7 rv where rd is t h e  c h a r a c t e r i s t i c  r e l a x a t i o n  t i m e  
b e h i n d  t h e  r e f l e c t e d  s h o c k  a t  t h e  back w a l l .  H e  a l s o  obse rved  t h a t  
t h i s  non-s teady  p r o c e s s  l e d  t o  a s u b s t a n t i a l  r e s i d u a l  e n t r o p y  g r a d i e n t  
a l o n g  t h e  t u b e  a x i s  i n  t h e  ne ighborhood of t h e  back w a l l .  The e f f e c t  
o f  e x o t h e r m i c  r e a c t i o n s  w i l l  be d i s c u s s e d  i n  S e c t i o n  IVb. 

111. S i n g l e  P u l s e  Techn iques  

S i n g l e  p u l s e  t echn iquesg3  s u f f e r  from a number of  r e l a t i v e l y  d i s t i n c t  
p roblems.  I n  t h i s  r e v i e w e r ' s  o p i n i o n ,  t h e  sum t o t a l  o f  t h e s e  d e f i -  
c i e n c i e s  are s e r i o u s  enough t o  make t h e  t e c h n i q u e  v e r y  d i f f i c u l t  , f o r  
q u a n t i t a t i v e  k i n e t i c  s t u d i e s .  I t  is, however, s t i l l  a u s e f u l  t e c h n i q u e  
f o r  q u a l i t a t i v e  and  c o m p a r a t i v e  s t u d i e s  f o r  new or complex s y s t e m s .  

L e t  u s  f i r s t  c o n s i d e r  t h o s e  d i f f i c u l t i e s  t h a t  are i n h e r e n t  i n  a s i n g l e  
p u l s e  expe r imen t  p e r f o r m e d  w i t h  a n  i d e a l  shock  t u b e .  Even i n  t h i s  c a s e ,  
t h e r e  are f i v e  ma jo r  problems which  l i m i t  t h e  t e c h n i q u e ' s  u t i l i t y .  
These  are: 1. A n a l y s e s  a r e  per formed a f t e r  t h e  expe r imen t  is comple ted .  
Thus o n l y  s t a b l e  p r o d u c t s  may be i d e n t i f i e d  and ,  a t  b e s t ,  o n l y  t h e  
s y s t e m s  o v e r a l l  b e h a v i o r  may be s t u d i e d .  T h e r e f o r e  t h e  d e d u c t i o n  o f  
r e s p o n s i b l e  i n d i v i d u a l  r e a c t i o n s  w i t h  a concordan t  d e t e r m i n a t i o n  o f  t h e i r  
rates is  v e r y  d i f f i c u l t .  2 .  The h e a t i n g  c y c l e  is n o t  t h e  same f o r  t h e  
e n t i r e  g a s  sample .  T h e r e f o r e ,  a n  a v e r a g e  p r o c e s s i n g  t i m e  must be esti- 
mated  f o r  t h e  r u n .  3. C o n t a c t  s u r f a c e  t a i l o r i n g  is  n e c e s s a r y  t o  o b t a i n  
l o n g  test t i m e s  and  t h e r e b y  r e d u c e  t h e  errors c a u s e d  by t h e  a v e r a g i n g  
p r o c e s s  ment ioned  i n  P a r t  2 above .  However o f f - d e s i g n  t a i l o r i n g  w i l l  
c a u s e  s u b s t a n t i a l  t e m p e r a t u r e  changes  d u r i n g  t h e  las t  (and u s u a l l y  major )  
p a r t  o f  t h e  t e s t i n g  t i m e  and t h i s  is s e r i o u s  i f  t h e  r e a c t i o n  h a s  a high 
t e m p e r a t u r e  s e n s i t i v i t y .  4.  C o o l i n g  must n e c e s s a r i l y  be produced  by a 
r a r e f a c t i o n  f a n  and  t h i s  i n t r o d u c e s  y e t  a n o t h e r  u n c e r t a i n t y  i n t o  t h e  c a l -  
c u l a t e d  t e s t i n g  t i m e .  5. I f  the r e a c t i o n  i s  n o t  t h e r m a l l y  n e u t r a l ,  
e f f e c t s  of s e l f - h e a t i n g  must  be i n c l u d e d .  These l as t  t w o  problems have 
been d i s c u s s e d  b y  Pa lmer  , b o x  and  McHaleg4. 

The n o n - i d e a l i t y  of a real shock  t u b e  f low compounds t h e s e  problems.  
By f a r  t h e  most s e r i o u s  n o n - i d e a l i t y  is t h e  growth of  t h e  boundary 
l a y e r  b e h i n d  t h e  i n c i d e n t  shock .  T h i s  l e a d s  t o  t h r e e  d i s t i n c t  
d i f f i c u l t i e s  which c a u s e  problems.  I n  t h e  first p l a c e  t h e  t e m p e r a t u r e  
c a n n o t  be h e l d  c o n s t a n t  f o r  t h e  d e s i r e d  t e s t i n g  t i m e  because  t h e  
upward d r i f t  is a lways  a p p r e c i a b l e  on a t i m e  scale  of  1 t o  4 m i l l i -  
s e c o n d s .  Second ly ,  t a i l o r i n g  c a n n o t  be e x a c t  because  of t h e  sh i f - t -  i n  
p r o p e r t i e s  c a u s e d  b y  t h e  boundary l a y e r  growth .  T h i r d l y ,  t h e  growing 
boundary  l a y e r  c a n  e n t r a i n  a sizable q u a n t i t y  of  t h e  test g a s .  There-  
fore t h e  e n t i r e  r e a c t i v e  sample  is n o t  t r e a t e d  by t h e  t e s t  p u l s e .  
T h i s  l as t  d i f f i c u l t y  is p a r t i c u l a r l y  s e r i o u s  i f  t h e  e n t i r e  c o n t e n t s  
of t h e  t u b e  are  b e i n g  a n a l y z e d  a f t e r  t h e  r u n  and  may be a l l e v i a t e d  t o  
some e x t e n t  by a n a l y z i n g  o n l y  t h a t  p o r t i o n  o f  t h e  test  g a s  t h a t  was i n  
t h e  ne ighborhood o f  t h e  back  w a l l  d u r i n g  t h e  p u l s e  c y c l e .  

The m a j o r i t y  of t h e  d i f f i c u l t i e s  ment ioned  above C ~ I I S C  errors in bcrtb 
t h e  a c t i v a t i o n  e n e r g y  a n d  t h e  a c t u a l  magni tude  of t h e  r a t e  measured  
w i t h  a s i n g l e  p u l s e  t u b e .  T h i s  is b e c a u s e  t h e  s e v e r i t y  of  most  of  
t h e s e  c o r r e c t i o n s  i n c r e a s e  as t h e  t e m p e r a t u r e  of the test  r u n  i n c r e a s e s .  

T h e r e  have  been many v a r i a t i o n  u l s e  t e c h n i q u e  i n t r o d u c e d  
i n  t h e  p a s t  few y e a r s .  Tsang ,  15%:$5, ~ ~ % ~ l ~ o  for  example ,  h a s  a p p l i e d  
t h e  t e c h n i q u e  t o  t h e  s t u d y  of hydrocarbon decompos i t ion  and  r ea r r angemen t  
r e a c t i o n s  u s i n g  a m i x t u r e  t h a t  c o n t a i n s  a small  q u a n t i t y  of "p ropy l  
c h l o r i d e "  as  a trace r e a c t a n t .  T h i s  s p e c i e  is u s e d  t o  i n d e p e n d e n t l y  



o b t a i n  i n f o r m a t i o n  on  t h e  t empera tu re - t ime  p u l s e  so a s  t o  i n c r e a s e  t h e  
a c c u r a c y  of t h e  e x p e r i m e n t a l  decompos i t ion  measurement .  T h i s  t y p e  of 
" t r a c e  r e a c t i o n "  t e c h n i q u e  h a s  u t i l i t y  o n l y  i f  it c a n  b e  proved  i n  a n  
unambiguous manner t h a t  t h e  t r a c e  r e a c t  i o n  is o c c u r r i n g  independen t ly  
o f  t h e  unknown r e a c t i o n .  I t  s h o u l d  have  t h e  h i g h e s t  a c c u r a c y  when t h e  
a c t i v a t i o n  e n e r g i e s  of t h e  two r e a c t i o n s  a r e  a p p r o x i m a t e l y  e q u a l .  

T S C h U C h i k 0 w - R o ~ x ~ ~ ~ ~  l 0 2 ,  103 h a s  p roposed  a b a l l  v a l v e  t e c h n i q u e  which 
may be  used  t o  i s o l a t e  a sample  e i t h e r  be tween t h e  b a l l  v a l v e  and  t h e  
end  p l a t e  of t h e  t u b e  or j u s t  i n  t h e  b o r e  of  t h e  b a l l  v a l v e .  However, 
h i s  h e a t i n g  c y c l e  a n a l y s i s  is  based  on  ideal  shock  t u b e  f l o w  t h e o r y  
and s i n c e  h e  p r o p o s e s  t o  c a l c u l a t e  h e a t i n g  t i m e  by s u b t r a c t i n g  two 
l a r g e  t i m e s  which a r e  t h e m s e l v e s  c a l c u l a t e d  by u s i n g  i d e a l  t h e o r y ,  t h e  
a c c u r a c y  of h i s  c a l c u l a t i o n  w i l l  be  l o w .  However, t h e r e  is  t h e  p o s s i -  
b i l i t y  of improving t h e  a c c u r a c y  by i n c l u d i n g  t h e  n e c e s s a r y  boundary 
l a y e r  growth c o r r e c t  i o n s .  , 

L i f s h i t z ,  Bauer and Res le r1°4  have i n t r o d u c e d  and  used  a t u b e  w i t h  a 
s i d e  dump t a n k  on  t h e  t e s t  s e c t i o n  l e g .  I n  c o n j u n c t i o n  w i t h  t h i s  t h e y  
o p e r a t e  t h e  t u b e  w i t h o u t  a t a i l o r e d  i n t e r f a c e .  I n s t e a d  t h e y  " tune"  
t h e  l e n g t h  of t h e  d r i v e r  s e c t i o n  by i n s e r t i n g  p l u g s  a t  t h e  end  w a l l  SO 
t h a t  t h e  s t r o n g  r a r e f a c t i o n  f a n  i n  t h e  d r i v e r  gas ,  a f t e r  r e f l e c t i n g  
from t h e  end of t h e  d r i v e r  s e c t i o n ,  w i l l  o v e r t a k e  t h e  c o n t a c t  s u r f a c e  
a t  t h e  i n s t a n t  t h a t  i t  is m e t  by t h e  r e f l e c t e d  shock  wave. Thus, 
t e s t i n g  t i m e  i n  t h e  sample  t h e o r e t i c a l l y  r a n g e s  from z e r o  t o  
a p p r o x i m a t e l y  2 tave. The t e c h n i q u e  s u f f e r s ,  however, f rom t h e  f a c t  
t h a t  non- idea l  boundary l a y e r  growth  w i l l  a lways  c a u s e  t h e  c o n t a c t  
s u r f a c e  t o  i n t e r s e c t  t h e  r e f l e c t e d  shock  e a r l i e r  t h a n  t h e  t h e o r e t i c a l  
t i m e .  I f  t h i s  e f f e c t  is no t  i n c l u d e d  i n  the  " tun ing"  o p e r a t i o n  t h e  
t e s t  g a s  sample w i l l  s u f f e r  a complex t ime- t empera tu re  h e a t i n g  c y c l e  
and t h e  i n t e r p r e t a t i o n  of  t h e  d a t a  w i l l  be  d i f f i c u l t .  The p r e s e n c e  of  
a s i d e  dump t a n k  m o d i f i e s  t h e  downstream f low i n  t h e  test s e c t i o n  bu t  
a r e a s o n a b l e  c o n s t a n t  shock  v e l o c i t y  is s t i l l  a t t a i n e d  n e a r  t h e  end 
p l a t e .  The s ide  dump t a n k  is used  p r i m a r i l y  t o  p r e v e n t  m u l t i p l e  h i g h  
p r e s s u r e  r e f l e c t i o n s  i n  t h e  g a s  sample .  I t  is p r o b a b l y  a d e q u a t e  f o r  
t h i s  pu rpose .  

I V .  Exothermic System I n s t a b i l i t i e s  

I n  a d d i t i o n  t o  a l l  t h e  d i f f i c u l t i e s  ment ioned  above,  i n  exo the rmic  
s y s t e m s  t h e  a p p l i c a t i o n  of  t h e  shock  t u b e  t o  r e a c t i o n  k i n e t i c  s t u d i e s  
is l i m i t e d  by t h e  o c c u r r e n c e  of  non-steady f l o w  p r o c e s s e s  which may 
be t r i g g e r e d  by t h e  p r e s e n c e  of  t h e  exo the rmic  r e a c t i o n .  S p e c i f i c a l l y ,  
two d i s t i n c t  t y p e s  of f low i n s t a b i l i t i e s  may o c c u r  and it h a s  been  
found  t h a t  two independent  c r i t e r i a  may be u s e d  t o  p r e d i c t  t h e  
o c c u r r e n c e  of t h e s e  i n s t a b i l i t i e s  on  t h e  b a s i s  of known f l o w  p r o p e r t i e s  
of  t h e  p a r t i c u l a r  sys tem which is under  i n v e s t i g a t i o n .  The t w o  
c r i t e r i a  w i l l  be  c a l l e d  t h e  Chapman-Jouguet c r i t e r i o n  and  t h e  t u b e  
d i a m e t e r  c r  i t er i o n .  

a .  The Chapman-Jouguet C r i t e r i o n  

C o n s i d e r  a gas  m i x t u r e  c a p a b l e  of s u s t a i n i n g  a r e a c t i o n  which 
d r i v e s  t h e  s y s t e m  toward  a s t a t e  of f u l l  chemica l  e q u i l i b r i u m .  
With t h i s  res t r ic t  i o n  w e  d e f i n e  t h e  m i x t u r e  t o  be "exothermic"  i f ,  
i n  t h e  (P,V) p l a n e ,  t h e  R a y l e i g h  l i n e  t h r o u g h  t h e  p o i n t  (P1,V1) 
which j u s t  t a n g e n t s  t h e  e q u i l i b r i u m  Hugoniot r e p r e s e n t s  a shock 
t r a n s i t i o n  whose Mach number, MGJ, is  g r e a t e r  t h a n  u n i t y .  
c a l l  t h e  v a l u e  of t h i s  minimum ach  number f o r  s t e a d y  shock  
p ropaga t  i o n  t h e  Chapman-Jouguet c r i t e r i o n  f o r  i n s t a b i l i t y .  I t  

We 
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may, of c o u r s e ,  be  c a l c u l a t e d  q u i t e  a c c u r a t e l y  i f  thermodynamic 
p r o p e r t i e s  a r e  a v a i l a b l e  f o r  t h e  sys tem i n  q u e s t i o n ,  

An example o f  t h e  a p p l i c a t i o n  of t h i s  c r i t e r i o n  may b e  d i s c u s s e d  
w i t h  t h e  h e l p  o f  F i g u r e  9 .  The s y s t e m  c o n s i d e r e d  i n  t h i s  f i g u r e  
is a s t o i c h i o m e t r i c  hydrogen-oxygen m i x t u r e  d i l u t e d  w i t h  v a r i o u s  
amounts  of a r g o n  a t  t h e  i n i t i a l  c o n d i t i o n s  T = 300°K and P = 
100 torr .  
number M = MCJ is p l o t t e d  v e r s u s  t h e  m i x t u r e  c o m p o s i t i o n  i n  t h i s  
f i g u r e .  The  v e r t i k a l  l i n e s  approx ima te  r e g i o n s  i n  which s t u d i e s  
h a v e  been  r e p o r t e d ,  a d m i t t e d l y  f o r  d i f f e r e n t  s t o i c h i o m e t r i c s  and 
p r e s s u r e  l e v e l s  ( t h e  numbers o n  t h e  l i n e s  a r e  r e f e r e n c e  numbers).  
The approximat  i o n  is r e a s o n a b l y  good because ,  however, p r e s s u r e  
s h i f t s  t h e  c u r v e  i n  F i g u r e  9 o n l y  s l i g h t l y  and s t o i c h i o m e t r y  changes  
a r e  e f f e c t i v e l y  d i l u t i o n  changes  on  t h e  b a s i s  o f  a CJ  c a l c u l a t i o n .  
Region  I, above and t o  t h e  l e f t  of t h e  s t a b i l i t y  l i n e  M = M ~ J ,  
c o r r e s p o n d s  t o  t h e  e x p e r i m e n t a l  c o n d i t i o n s  unde r  which s t e a  y i n c i -  
den t  shock  waves may be produced  and s t u d i e d  i n  t h i s  system, w h i l e  
r e g i o n  11, below and  t o  the  r i g h t  o f  t h e  s t a b i l i t y  c u r v e  r e p r e s e n t s  
i n i t i a l  shock  c o n d i t i o n s  f o r  which a s t e a d y  shock  wave w i t h  
c h e m i c a l  r e a c t i o n  c a n n o t  e x i s t .  Note t h a t  B e l l e s  and =erlo7 
worked w i t h  i n c i d e n t  shocks  j u s t  a t  t h e  edge  of r e g i o n  I and  t h a t  
a l l  o t h e r  e x t a n t  i n c i d e n t  shock  s t u d i e s  were pe r fo rmed  w e l l  i n s i d e  
r e g i o n  I .  I t  is i n t e r e s t i n g  t h a t  Belles and Lauver  r e p o r t  
i n s t a b i l i t y  d i f f i c u l t i e s  at  low t e m p e r a t u r e s .  

I n  r e g i o n  I1 of F i g u r e  1, k i n e t i c  s t u d i e s  must n e c e s s a r i l y  b e  p e r -  
formed i n  c o n j u n c t i o n  w i t h  a f l o w  which is l o n g i t u d i n a l l y  non- 
s t e a d y .  For  t h i s  r e a s o n  w e l l  c o n t r o l l e d  and r e p r o d u c i b l e  i n i t i a l  
c o n d i t i o n s  a r e  i m p o r t a n t  t o  t h e  d e s i g n  of these e x p e r i m e n t s .  Fo r  
example ,  t h e  s i m p l e  f a c t  t h a t  t h e  i n i t i a l  f l o w  produced  by t h e  
d iaphragm b u r s t i n g  p r o c e s s  is  n e i t h e r  one -d imens iona l  nor 
r e p r o d u c i b l e  o b v i a t e s  t h e  u s e  of a c o n v e n t i o n a l  i n c i d e n t  shock  
t e c h n i q u e  for r e g i o n  I1 s t u d i e s .  The re  are, however, f o u r  shock  
t u b e  t e c h n i q u e s  which e i t h e r  have  been  used  or have  a p o t e n t i a l  
u s e  f o r  pe r fo rming  k i n e t i c  s t u d i e s  under  r e g i o n  I 1  c o n d i t i o n s .  
These  w i l l  be  d i s c u s s e d  i n d i v i d u a l l y .  

The f i r s t  of these t e c h n i q u e s  u s e s  t h e  r e f l e c t e d  shock  r e g i o n .  
R e f l e c t e d  shock  s t u d i e s ,  when per formed i n  a g a s  m i x t u r e  w i t h  a 
h i g h  h e a t  c a p a c i t y  ratio,  y i e l d  a r e a s o n a b l y  one-d imens iona l  h e a t -  
i n g  c y c l e  w i t h  w e l l  d e f i n e d  i n i t i a l   condition^^^. 
t h e  f l o w  f o l l o w i n g  r e f l e c t i o n  r e m a i n s  non-s teady  f o r  a n  ex tended  
p e r i o d  of t i m e  (and  i n d e e d  may y i e l d  a d e t o n a t i o n  wave p r o p a g a t i n g  
away from t h e  end  w a l l )  t h e  g a s  n e a r  t h e  end  w a l l  may be  used  f o r  
k i n e t i c  s t u d i e s  s i n c e  it is q u i e s c e n t ,  it s u f f e r s  no a d d i t i o n a l  
shock  t r a n s i t i o n s  a f t e r  r e f l e c t e d  shock  p a s a g e  and its p r e s s u r e -  
t i m e  h i s t g s y  d u r i n g  t h e  r e a c t i o n  p r o c e s s  may be  p r e d i c t e d  r eason-  
a b l y  w e l l  . T h i s  t e c h n i  u e  has been used  s u c c e s s f u l l y  by 
numerous i n v e s t i g a t n r s 5 4 , ? 0 5 ;  106 i~ sit:ati=r,s where the steady 
i n c i d e n t  t e c h n i q u e  would no t  be a p p l i c a b l e  i n  terms of t h e  C J  
c r i t e r i o n .  

The u n r e a c t i v e  shock  t e m p e r a t u r e  $or a shock  of hach  

Even though 

The second  t e c h n i q u e  c o n s i s t s  of p a s s i n g  a weak, b u t  w e l l  e s t a b l i s h e d ,  
s t e p  s h o c k -  wave p roduced  i n  a c o n v e n t i o n a l  c o n s t a n t  a r e a  shock  t u b e  
i n t o  and  t h r o u g h  a s e c t i o n  of t u b i n g  whose cross s e c t i o n a l  a r e a  is 
s l o w l y  d e c r e a s i n g  w i t h  d i s t a n c e .  I f  t h e  r a t e  o f  d e c r e a s e  of a r e a  
is s u f f i c i e n t l y  slow ( a  maximum w a l l  a n g l e  t o  t h e  c e n t e r  l i n e  o f  
a p p r o x i m a t e l y  lo f o r  example )  t h e  f l o w  w i l l  become a q u a s i  one- 

,, 

d i m e n s i o n a l  non- s t eady  f l o w  i n  which t h e  l e a d i n g  shock  wave 1s i 



17. 

C o n t i n u a l l y  a c c e l e r a t i n g .  I n  t h i s  s i t u a t i o n  a non-s teady  f l o w  
c a l c u l a t i o n  is r e q u i r e d  t o  sort  t h e  r e a c t i o n  k i n e t i c s  from t h e  
g a s  dynamics e f f e c t s .  T h i s  expe r imen t  h a s  b e e n  pe r fo rmed  and 
s u c h  a c a l c u l a t i o n  h a s  been  made f o r  a t u b e  i n  which d( lnA)/dx = 

and i s o - p r e s s u r e  p l o t s  i n  a n  ( x , t )  c o o r d i n a t e  s y s t e m  for  a 
t y p i c a l  t h e o r e t i c a l  r u n  assuming t h a t  t h e  f l o w  is e n t i r e l y  i n e r t .  
The r e g i o n  which is mapped is bounded by t h e  l e a d i n g  s h o c k  wave, 
t h e  r e f l e c t e d  shock  wave and t h e  " e x p l o s i o n  l i n e " .  The l o c u s  of 
t h e  " e x p l o s i o n  l i n e "  i n  t h i s  f i g u r e  w a s  d e t e r m i n e d  by  assuming 
t h a t  t he  f r a c t i o n  of t h e  d e l a y  t l m e  t o  e x p l o s i o n  which h a s  been  
u s e d  a t  e a c h  i n s t a n t  a l o n g  each s e p a r a t e  p a r t i c l e  p a t h  may be  
c a l c u l a t e d  u s i n g  t h e  r e l a t i o n .  

-k d u r i n g  c ~ n v e r g e n c e ~ ~ .  F i g u r e  10 c o n t a i n s  i s o - t e m p e r a t u r e  

df = -  dt 
L-  0, P) 

where 

With t h i s  model t h e  p o i n t s  a t  which 

o n  e a c h  p a r t i c l e  p a t h  d e s c r i b e  t h e  l o c u s  of  t h e  e x p l o s i o n  l i n e .  
T h i s  approach  assumes  t h a t  t he  r e a c t i o n  is t h e r m a l l y  n e u t r a l  
d u r i n g  t h e  i n d u c t i o n  p e r i o d  and  t h e r e f o r e  t h a t  t h e  r e a c t i o n  d o e s  
n o t  i n t e r a c t  w i t h  t h e  f l o w .  Fur the rmore ,  a s  p r e s e n t l y  c o n s t r u c t e d ,  
t h e  model o n l y  a l l o w s  one  t o  p r e d i c t  t h e  l o c a t i o n  of t h e  minimum 
time i n  t h e  e x p l o s i o n  l i n e  l o c u s  o n  a n  ( x , t )  p l o t  s i n c e  t h e  e f f e c t  
o f  h e a t  r e l e a s e  d u r i n g  t h e  e x p l o s i o n  is no t  i n c l u d e d  i n  t h e  model.  
R e f e r e n c e  57 c o n t a i n s  a more comple t e  d i s c u s s i o n  of t h i s  t e c h n i q u e .  

To tliis a u t h o r ' s  knowledge t h e  t h i r d  p o s s i b l e  non-s teady  t e c h n i q u e  
h a s  n o t  y e t  been  a p p l i e d  t o  t h e  s t u d y  of r e a c t i o n  k i n e t i c s  i n  
e x o t h e r m i c  s y s t e m s .  I t  is a n  i n c i d e n t  t e c h n i q u e  which i n v o l v e s  t h e  
u s e  of a b a l l  v a l v e  whose i n t e r n a l  b o r e  is e x a c t l y  e q u a l  t,o t h e  
d i a m e t e r  of t h e  shock  t u b e .  T h i s  t y p e  of b a l l  v a l v e  s h o c k  t u b e  h a s  
been  used  i n  t h e  s t u d y  o f  endo the rmic  sys t ems lo l  and  t o  p r e v e n t  
p r e m a t u r e  e x p l o s i o n s  i n  r e f l e c t e d  shock  s t u d i e s 5 4 .  
i n i t i a l  p r e s s u r e  were a d j u s t e d  e x t e r n a l l y  b e f o r e  o p e n i n g  t h e  
v a l v e  and i f  t h e  shock  t u b e  were o p e r a t e d  v e r t i c a l l y ,  d e n s i t y  
s e p a r a t i o n  of a n  i n e r t  g a s  n e a r  t h e  d iaphragm and  t h e  e x p l o s i o n  
m i x t u r e  downstream c o u l d  be  m a i n t a i n e d  u n t i l  a w e l l  fo rmed 
i n c i d e n t  shock  wave p a s s e s  t he  l o c a t i o n  of  t h e  b a l l  v a l v e .  
O b s e r v a t i o n  a t  a number of  window s t a t i o n s  downstream of  t h e  v a l v e  
would t h e n  a l low r e a c t i o n  k i n e t i c  s t u d i e s  t o  be s t u d i e d  e v e n  though 
t h e  flow was non-s teady .  T h i s  t e c h n i q u e  h a s .  t w o .  a d v a n t a g e s  r e l a t i v e  . 
t o  t h e  c o n v e r g i n g  c h a n n e l  t e c h n i q u e  i n  t h a t  b o t h  t he  c o n s t r u c t i o n  
of t h e  a p p a r a t u s  and  t h e  c a l c u l a t i o n  o f  t h e  f l o w  would b e  s i m p l e r .  
A s i m p l e r  c a l c u l a t i o n  of  t h e  f low may be  made b e c a u s e . o n e  may assume 
t h e  f l o w  i n  t h e  r e a c t i v e '  m i x t u r e  t o  b e  pseudo s teady  u n t i l  a n  

If t h e  
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a p p r e c i a b l e  amount of c h e m i c a l  r e a c t i o n  h a s  o c c u r r e d .  T h i s  t e c h n i q u e  
a l s o  h a s  a n  advan tage  o v e r  t h e  r e f l e c t e d  shock  t e c h n i q u e  f o r  t h o s e  
cases where t h e  s y s t e m  t o  be  s t u d i e d  c a n n o t  be  d i l u t e d  t o  r e p r e s s  b i -  
f u r c a t i o n .  T h i s  is b e c a u s e ,  i n  t h e  b a l l  v a l v e  t e c h n i q u e  o n l y  s i m p l e  
boundary layer g rowth  c a n  o c c u r  t o  p e r t u r b  t h e  i n c i d e n t  f l o w .  

The f o u r t h  p o s s i b l e  t e c h n i q u e  i n v o l v e s  d i r e c t  e x p a n s i o n  o f  a n  i n c i d e n t  
shock  wave t h r o u g h  a s u i t a b l y  i n s t r u m e n t e d  two-dime s i o n a l  n o z z l e .  
T h i s  t e c h n i q u e  has b e e n  d e s c r i b e d  by White  and  Gary'? and h a s  been d i s -  
c u s s e d  i n  S e c t i o n  IVa. 

b. The Tube Diamete r  C r i t e r i o n  

Even i n  c i r c u m s t a n c e s  where  i n c i d e n t  shock  wave s t u d i e s  are a l l o w a b l e  
o n  t h e  b a s i s  of t h e  C J  c r i t e r i o n ,  t r a n s v e r s e  i n s t a b i l i t i e s  may appea r  
d u r i n g  a n  e x p e r i m e n t .  T h i s  t y p e  of b e h a v i o r  h a s  been  r e p o r t e d  by 
S c h o t t l l o ,  S c h o t t  and B i r d l l l  and Hawthorne l l2  and is i m p o r t a n t  t o  
t h e  k i n e t i c i s t  b e c a u s e  it c a n  produce  s t a t e  v a r i a b l e  f l u c t u a t i o n s  
a c r o s s  t h e  t u b e  which  may be  m i s i n t e r p r e t e d  i f  t h e  u s u a l  one- 
d i m e n s i o n a l  a s s u m p t i o n s  are u s e d  i n  r e d u c i n g  t h e  d a t a .  

S c h o t t l l O  has  shown that  i n  ace ty l ene -oxygen  m i x t u r e s  d i l u t e d  w i t h  97.5 
p e r c e n t  a r g o n , t h i s  t y p e  o f  i n s t a b i l i t y  b e h a v i o r  p roduces  s o o t  t r a c k  
w r i t i n g s  which a r e  e q u i v a l e n t  t o  t h o s e  o b t a i n e d  when a s e l f - s u s t a i n i n g  
d e t o n a t i o n  p r o p a g a t e s  o v e r  a smoked f o i l .  T h i s  e x p e r i m e n t a l  ev idence  
i m p l i e s  t h a t  t h e  t r a n s v e r s e  i n s t a b i l i t i e s  o b s e r v e d  i n  r e a c t i o n  k i n e t i c  
s t u d i e s  i n  t h e  s h o c k  t u b e  a r e  of t h e  same t y p e  a s  t h o s e  observed42 on 
p r o p a g a t i n g  d e t o n a t i o n s .  T h i s  is r e a l l y  not  v e r y  s u r p r i s i n g  s i n c e  t h e  
t h e o r e t i c a l  r e s u l t s  d i s c u s s e d  i n  S e c t i o n  a show t h a t  d e t o n a t i o n  p e r  se 
is n o t  n e c e s s a r y  for t he  a p p e a r a n c e  of t r a n s v e r s e  i n s t a b i l i t i e s . -  - 
It  is a l s o  known t h a t  a l l  s e l f - s u s t a i n i n g  d e t o n a t i o n s  e x h i b i t  a t r a n s -  
v e r s e  wave s p a c i n g  which  is  r o u g h l y  p r o p o r t i o n a l  t o  t h e  " t h i c k n e s s "  of 
t h e  d e t o n a t i o n s  r e a c t i o n  z o n e .  Thus, t h e o r e t i c a l  p r e d i c t i o n s  and 
e x p e r i m e n t a l  o b s e r v a t i o n s  b o t h  l e a d  t o  t h e  c o n c l u s i o n  t h a t  t h e  t r a n s -  
v e r s e  s t r u c t u r e  a s s o c i a t e d  w i t h  a n  exo the rmic  r e a c t i o n  zone  t r i g g e r e d  
by shock  p a s s a g e  s h o u l d  e x h i b i t  a c h a r a c t e r i s t i c  s p a c i n g  which is 
r o u g h l y  p - o p o r t i o n a l  t o  t h e  r e a c t i o n  zone  t h i c k n e s s .  

One more e x p e r i m e n t a l  o b s e r v a t i o n  must be  ment ioned  b e f o r e  w e  may 
p r e s e n t  a c r i t e r i o n  f o r  t h e  o c c u r r e n c e  of t r a n s v e r s e  wave i n s t a b i l i t y  
i n  a r e a c t i v e  shock  wave p r o p a g a t i n g  i n  a s p e c i f i c  c h a n n e l .  Both 
Manson43 and Fay44 have  shown t h a t  t r a n s v e r s e  s t r u c t u r e  f a i l s  t o  
c o u p l e  w i t h  t r a n s v e r s e  a c o u s t i c  modes o f  t h e  t u b e  when t h e  p r e f e r r e d  
t r a n s v e r s e  s p a c i n g  a t  t he  f r o n t  becomes somewhat l a r g e r  t h a n  t h e  
ma jo r  t r a n s v e r s e  d i m e n s i o n  of t h e  t u b e .  Thus  it a p p e a r s  t h a t  t h i s  
t y p e  of re sonance  must be p o s s i b l e  b e f o r e  t r a n s v e r s e  i n s t a b i l i t i e s  
w i l l  a p p e a r .  

U n f o r t u n a t e l y ,  a t  the p r e s e n t  t i m e ,  t h e  r e l a t i o n  between t h e  
r e a c t i o n  zone  t h i c k n e s s  and t h e  c h a r a c t e r i s t i c  c e l l  s i z e  o f  t h e  
s t r u c t u r e  is not known e x c e p t  f o r  a f e w  s y s t e m s  and t h e n  o n l y  i n  a n  
e m p i r i c a l  manner. T h e r e f o r e ,  a t  t h e  p r e s e n t  t i m e ,  t h e  " t u b e  d i ame te r "  
c r i t e r i o n  for. t h e  o c c u r r e n c e  o f  t r a n s v e r s e  i n s t a b i l i t i e s  i n  a s t e a d y  
i n c i d e n t  shock  wave e x p e r i m e n t  must be  s t a t e d  a s  f o l l o w s :  T r a n s v e r s e  
i n s t a b i l i t y  may o c c u r  i n  a s t e a d y  shock  wave f o l l o w e d  by exo the rmic  
r e a c t i o n  o n l y  i f  t h e  b u l k  of t h e  e x o t h e r m i c  p r o c e s s  o c c u r s  a s  c l o s e  
t o  t h e  shock  wave a s  t h e  m a j o r  t r a n s v e r s e  d imens ion  o f  t h e  t u b e .  
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T h i s  c r i t e r i o n  c o r r e c t l y  p r e d i c t s  t h e  o c c u r r e n c e  of  t h e  c u r r e n t l y  
observed  t r a n s v e r s e  i n s t a b i l i t i e s  d u r i n g  i n c i d e n t  shock  r e a c t i o n  
k i n e t i c  s t u d i e s  i n  a shock  t u b e .  More q u a n t i t a t i v e  i n f o r m a t i o n  On 
t h i s  s u b '  c t  is  a v a i l a b l e  i n  S c h o t t ' s  r e p o r t  i n  t h i s  symposium 
volume. 135 

S UhfMA RY 

D e t o n a t i o n s  i n  premixed g a s e s  c o n t a i n  a v e r y  complex i n t e r n a l  wave  
s t r u c t u r e  which is r e l a t e d  t o  t h e  exo the rmic  chemica l  r e a c t i o n s  occur-  
r i n g  behind  t h e  l e a d i n g  waves. T h i s  s t r u c t u r e  n e g a t e s  many o f  t h e  
c l a s s i c a l  one-d imens iona l  a rguments  c o n c e r n i n g  d e t o n a t i o n  and t h e  f u l l  
r e a s o n s  f o r  i t s  e x i s t e n c e  and form are no t  u n d e r s t o o d  a t  t h e  p r e s e n t  
time. The mechanism of s e l f - s u s t e n a n c e  of a p r o p a g a t i n g  d e t o n a t i o n  i s  
a l s o  open t o  q u e s t i o n  a t  t h e  p r e s e n t  time. The s i t u a t i o n  is  not  hope- . 
l e s s ,  however, because  i t  a p p e a r s  t h a t  t h e  a p p l i c a t i o n  of  t h e  p r i n c i p l e s  
of non-s teady  r e a c t i v e  g a s  dynamics ( i n  which a l l  s h o c k s  a r e  c o n s i d e r e d  
t o  be i n f i n i t e l y  t h i n  n o n - r e a c t i v e  d i s c o n t i n u i t i e s  i n  t h e  f low)  w i l l  
e v e n t u a l l y  a l low a comple t e  d e s c r i p t i o n  of t h e  s t r u c t u r e  f rom f i r s t  
p r i n c i p l e s .  

The d i s c u s s i o n  of shock  t u b e  hydrodynamics i n d i c a t e s  t h a t  w h i l e  t h e  
shock  t u b e  i s  a n  e x t r e m e l y  u s e f u l  a p p a r a t u s  f o r  h i g h  t e m p e r a t u r e  g a s  
phase  r e a c t i o n  k i n e t i c  s t u d i e s ,  i t  h a s  its l i m i t a t i o n s .  These  are 
p r i m a r i l y  caused  by g a s  dynamic n o n - i d e a l i t i e s  due  t o  boundary l a y e r  
growth and t o  t h e  i n t e r a c t i o n  of t h e  c h e m i s t r y  and t h e  f low.  The 
i m p l i c a t i o n  of t h i s  s e c t i o n  is  t h a t  a good k i n e t i c  rate measurement 
may be o b t a i n e d  from a shock  t u b e  expe r imen t  o n l y  i f  t h e  f u l l  c o n t r i -  
b u t i o n  of t h e s e  n o n - i d e a l i t i e s  a r e  c o n s i d e r e d .  
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D e t o n a t i o n  S p i n  i n  Driven Shock Waves i n  a D i l u t e  Exothermic  H i x t u r e  

(;amy L. S c h o t t  . 
U n i v e r s i t y  of C a l i f o r n i a ,  Los Alamos S c i e n t i f i c  L a b o r a t o r y ,  

Los Alamos, !leu P e x i c o  87544 

There  have been  many u s e s  of shock waves i n  d i l u t e d  m i x t u r e s  of e x o t h e r m i c  
r e a c t a n t s  f o r  s t u d i e s  of c h e m i c a l  r e a c t i o n  r a t e s .  I t  was once  commonly thou.cht ,  
for l a c k  of e v i d e n c e  t o  t h e  c o n t r a r y ,  t h a t  one c o u l d  o p e r a t e ' . i n  a regime f r e e  of 
c o m p l i c a t i o n s  from s p o n t a n e o u s  " d e t o n a t i o n "  phenomena a r i s i n g  from t h e  d e p o s i t i o n  
o f  t h e  r e a c t i o n  e n e r c y  i n  t h e  f l o w i n g  gas  by E e n e r a t i n g  shock  waves fas ter  and 
s t r o n e e r  t h a n  t h e  Chapman-Jouguet wave fo r  t h e  d i l u t e  m i x t u r e .  Such shock  waves 
are i n  r e a l i t y  o v e r d r i v e n  d e t o n a t i o n  waves, and t h e  o n l y  b a s i s  for d i s t i n g u i s h i n g  
them from s t r o n g  d e t o n a t i o n  waves i n  more c o n c e n t r a t e d  m i x t u r e s  i s  t h e  fact  t h a t  
t h e  d i l u t e  m i x t u r e s ,  i f  n o t  s u p p o r t e d ,  may f a i l  t o  s u s t a i n  a slower, Chapman- 
J o u g u e t  v e l o c i t y  wave. T h i s  d i s t i n c t i o n  is  one  of d e g r e e  r a t h e r  t h a n  of k i n d ,  and  
r e c e n t  e x p e r i e n c e  w i t h  u n s u p p o r t e d  d e t o n a t i o n s  and  o v e r d r i v e n  d e t o n a t i o n s  i n  d e t o -  
n a b l e  g a s  m i x t u r e s  i n d i c a t e s  t n a t  t h r e e - d i m e n s i o n a l  s t r u c t u r e  which c h a r a c t e r i z e s  
t h e  Chapman-Jouquet v e l o c i t y  waves r e m a i n s  p r e s e n t ,  on a. p r o g r e s s i v e l y  f i n e r  scale, 
i n  o v e r a r i v e n  waves. 1 ** 

waves i n  d i l u t e ,  o n l y  m i l d l y  exotherm.ic  m i x t u r e s  h a s  been less c o m p l e t e l y  charac-  
t e r i z e d .  Indeed ,  many s u c c e s s f u l  i n v e s t i g a t i o n s  of k i n e t i c s  of  e x o t h e r m i c  r e a c -  
t i o n s  have been c a r r i e d  o u t ' i n  shock waves i n  d i l u t e  m i x t u r e s  w i t h o u t  major or even 
n o t i c e a b l e  i n t e r f e r e n c e .  On t h e  o t h e r  hand, t h e r e  have  been i s o l a t e d  r e p o r t s  of 
" i n s t a b i l i t i e s " ,  i n  t h e  r e a c t i o n  z o n e s  i n  p a r t i c u l a r ,  under  c i r c u m s t a n c e s  where t h e  
s y s t e m  was d i l u t e d  w e l l  beyond t h e  l i m i t  of d e t o n a b i l i t y  and  t i i e ' s h o c k  wave was 
c l e a r l y  s t r o n p e r  t h a n  a Chapman-Jouguet wave. Examples of t h e s e  o c c u r r e n c e s  may b e  
found i n  s t u d i e s  of t h e  hydro,gen - bromine r e a ~ t i o n , ~  ozone d e c o m p ~ s i t i o n , ~  and 
hydroKen-oxygen cornkust ion.  The p r e s e n t  p a p e r  r e p o r t s  t h e  o c c u r r e n c e  of such i n -  
s t a b i l i t i e s  i n  shock waves i n  a m i x t u r e  of 1% C2i.i2, 1 .5% 0 2 ,  97.5% A r  and t h e  i d e n -  
t i f i c a t i o n  of c o n d i t i o n s  where t h e  phenomena e x h i b i t  t h e  r e c o g n i z a b l e  and q u a s i -  
r e p r o d u c i b l e  form of s i n g l e - h e a d e d  s p i n . 6  ,' 

The o c c u r r e n c e  of t r a n s v e r s e  waves o r  o t h e r  i n s t a b i l i t i e s  i n  d r i v e n  shock 

Exper imenta l .  

The e x p e r i m e n t s  r e p o r t e d  h e r e  were c a r r i e d  o u t  i n  t h e  1 0  cm i . d .  c i r c u l a r  
b r a s s  shock t u b e  used f o r  s e v e r a l  p r e v i o u s l y  r e p o r t e d  chemical i n v e s t i p t i o n s .  
S e v e r a l  d i f f e r e n t  t e s t  s e c t i o n  c o n E i E u r a t i o n s  were u t i l i z e d  fo r  t h e  v a r i o u s  k i n d s  
of d i a g n o s t i c  e x p e r i m e n t s .  E i t h e r  b r a s s  shim s t o c k  or Hylar  s h e e t  d iaphragms were 
u s e c ,  and t h e - d r i v e r  g a s  was' hydrogen. The s e v e r a l  d a t c n e s  of 1 .0% C2H2, 1.5% 02 ,  
97 .5% h r  tes t   as m i x t u r e  were p r e p a r e d  inanometr ica l ly  fron t a n k  a r g o n  a n d  a s i n g l e ,  
homogeneous s t o c k  m i x t u r e  of 40% C2H2, 60% 0 2  p r e p a r e d  i n i t i a l l y  from t a n k  sup- 
p l i e s .  T h e  c o m p o s i t i o n  of one b a t c h  was c h e c k e l  by mass s p e c t r a l  a n a l y s i s ,  and 
0.C38 :iZ was t h e  o n l y  d e t e c t e d  d e p r t u r e  from t h e  i n t e n d e d  c o m p o s i t i o n .  
ments  were C a r r i e ?  c u t  a t  i n i t i a l  shock t u b e  p r e s s u r e s ,  po ,  of 20.. 50, a n d  1 2 0  T o r r .  

, 

Exper i -  

Shock wave s;;eeds were moni tored  5y raster  o s c i l l o s c o 2 e  r e c o r d i n g  o f  t h e  prog- 
r e s s  of tile shock. f r o n t  p a s t  f i v e  p i e z o e l e c t r i c  T r e s s u r e  t r a n s d u c e r s  spaced  a t  
30 c m  o r  lonaer i n t e r v a l s  Along a 1 4 0  cm o r  l o n g e r  segment of t h e  t u b e  b e g i n n i n g  
200 cm or 350 cm fro;r. t h e  d i a p h r a p n .  

In o t h e r  e x y e r i n e n t s ,  where t h e  d e i m r t u r e  of t h e  shock f r o n t  from p l a n a r i t y  
was u n d e r  e x a m i n a t i o n ,  four of t h e  p i e z o e l e c t r i c  qaug,es were arrardged a t  90° i n t e r -  
v a l s  a round t h e  t u b e  2 e r i n . e t e r . i n  a p l a n e  p e r p e n d i c u l a r  t o  t h e  . a x i s ,  .and t h e i r  re- 
s p o n s e s  were d i s p l a y e d  on  four s y n c h r o n i z e d  o s c i l l o s c o p e  t r a c e s .  

t h e  e x p e r i m e n t s  by o s c i l l o s c o p e  r e c o r d i n g  of t h e  a b s o r p t i o n  of a beam of u l t r a v i o l e t  
The p r e s e n c e  of Gti r a d i c a l s  i n . t t : e  combustion zone was. ,monitored in .many of. 



/ 

I 

I 

OH m o l e c u l a r  l i n e  r a d i a t i o n 9  which passed  d i a m e t r i c a l l y  a c r o s s  t h e  t u b e  th rough  
q u a r t z  windows. 

Mylar f o i l s  c o a t e d  w i t h  wood smoke soot2 were p l a c e d  a g a i n s t  t h e  i n t e r i o r  s u r -  
f a c e  o f  t h e  shock t u b e  end  f l a n g e  i n  many o f  t h e  expe r imen t s  t o  r e c o r d  t h e  p re sence  
o f  i r r e g u l a r i t i e s  i n  t h e  shock  f r o n t  r e a c h i n g  t h e  t u b e  end. Smoked f o i l s  l i n i n g  
t h e  s i d e  walls a l o n g  a 1 4  c m  l e n g t h  of t h e  t e s t  s e c t i o n  were a l s o  used  i n  sone  ex- 
p e r i m e n t s .  The l o c i  a t  t h e  t u b e  w a l l  o f  t h e  a b r u p t  i n t e r s e c t i o n s  of segments  of 
c r e a s e d  shock  waves a r e  r e c o r d e d  a s  i n s c r i p t i o n s  i n  t h e  s o o t  c o a t i n g .  

F i n a l l y ,  open s h u t t e r  pho tography  i n  a 60 cm long  q l a s s  e x t e n s i o n  of t h e  tes t  
s e c t i o n  was used  t o  r e c o r d  t h e  luminous  t r a j e c t o r y  o f  t h e  s p i n n i n g  r e a c t i o n  zone - 
shock f r o n t  complex i n  shock  waves e x h i b i t i n g  t h e  s ing le -headed  s p i n  phenomenon. 

R e s u l t s  

1 

The i n i t i a l  r e s u l t s  which s u g g e s t e d  t h a t  s p i n - l i k e  i r r e g u l a r i t i e s  might be 
p r e s e n t  i n  prompt ly  r e a c t i v e  shock waves i n  t h e  97.5% A r  mix tu re  c o n s i s t e d  of t h e  oc- 
c u r r e n c e  o f  q u a s i - p e r i o d i c  u n d u l a t i o n s  i n  s p e c t r o p h o t o n e t r i c  r e c o r d s  o f  OH r a d i c a l  

s econds  a f t e r  pas sage  of t h e  s h o c k  wave. These r e c o r d s  d i d  n o t  i d e n t i f y  t h e  i n -  
s t a b i l i t y  d e f i n i t i v e l y , .  n o r  have  t h e y  proven  t o  b e  even  r e l i a b l e  i n d i c a t o r s  o f  t h e  

' p r e s e n c e  o f  i n s t a b i l i t y  i n  a l l  i n s t a n c e s .  Accord ingly ,  t h e  i n v e s t i g a t i o n  of t h e  
i n s t a b i l i t y  phenomena t u r n e d  t o  t h e  i n c l u s i o n  o f  o t h e r  d i a g n o s t i c  t e c h n i q u e s  w i t h  
which w e  have  e x p e r i e n c e  f rom t h e  s t u d y  o f  gaseous  d e t o n a t i o n s . 2 s 6  

P o s i t i v e  c o n f i r m a t i o n  of t h e  o c c u r r e n c e  o f  s i n e l e - h e a d e d  s p i n  was made w i t h  a 
smoked f o i l  a l o n g  t h e  i n s i d e  w a l l  o f  t h e  t u b e .  
t h e  smoke l a y e r  b e a r s  a h e l i c a l ,  r i b b o n - l i k e  i n s c r i p t i o n .  The fo rward  edge  o f  t h e  
r i b b o n  i s  t h e  p a t h  o f  t h e  backward p o i n t i n g  crease i n  t h e  o t h e r w i s e  convex shock  
f r o n t .  The t r a i l i n E  edge  is t h e  p a t h  o f  t h e  rear t e r m i n u s  of t h e  t r a n s v e r s e  de to -  
n a t i o n  uave  which p r o p a F a t e s  i n  t h e  compressed ,  u n r e a c t e d  g a s  accumula ted  behind  
t h e  weaker r e g i o n  of t h e  p r imary  shock f r o n t .  T h i s  prompt ly  r e a c t i v e  t r a n s v e r s e  
c o m p r e s s i o n a l  wave c o u p l e s  t h e  r evo lv ine ,  crease i n  t h e  p r imary  shock  f r o n t  t o  t h e  
p redominan t ly  c i r c u m f e r e n t i a l  a c o u s t i c  o s c i l l a t i o n  o f  t h e  p r e s s u r e  of t h e  column of 
burned  Kas f lowing  beh ind  t h e  combust ion  wave sys tem.  The phase  of t h e  h e l i x  i n  
the t u b e  and also t h e  p i t c h  a n g l e ,  9, whose t a n c e n t  i s  t h e  r a t i o  of t h e  a x i a l  t o  
t h e  c i r c u m f e r e n t i a l  v e l o c i t y  component,  is  reco rded '  by t h e  s i d e  w a l l  smoked f o i l .  
Good spec imens  of t h e s e  s i n g l e  s p i n  r e c o r d s  were o b t a i n e d  a t  i n i t i a l  p r e s s u r e s  of 
20 and 50  Torr. These d i f f e r  from t h e  r e c o r d s  o f  s i n e l e  s p i n  i n  unsuppor t ed  de to -  

. n a t i o n s ,  however, i n  t h a t  t h e  f i n e  s t r u c t u r e  found w i t h i n  t h e  t r a n s v e r s e  wave band 
' i n  t h e  l a t t e r  r e c o r d s 2  y6 is a b s e n t .  

d u r a b l e  and are  g e n e r a l l y  easier  t o  work w i t h .  These r e c o r d  t h e  l o c a t i o n  o f  r a d i -  
a l l y  or c i r c u m f e r e n t i a l l y  p r o p a g a t i n z  creases i n  t h e  shock  f r o n t  anywhere i n  t h e  
t u b e  cross s e c t i o n  upon a r r i v a l  of t h e  wave a t  t h e  end. S i n g l e  sp inn in r :  waves are 
, r ecogn ized  by t h e  p r e s e n c e  of  a s i n g l e , r c o r e  o r  less r a d i a l l y  o r i e n t e d  mark ex tend-  
i n g  inward  from t h e  r i m . 2  

Another  prominent  c h a r a c t e r i s t i c  o f  s i n g l e  s p i n n i n g  waves i s  s e v e r e ' d e p a r t u r e  
of t h e  shock  f r o n t  from p l a n a r i t y . 2 ' 6 ' 7  

gauges  spaced  a r b i t r a r i l y  a l o n g  t h e  tube .  

r e v e a l e d  t h e  p r e s e n c e  o f  s i n g l e  s p i n .  That t h i s  s ca t t e r  is i n  f a c t  a t t r i b u t a b l e  t o  

a g e  a x i a l  v e l o c i t y  is conf i rmed  by t h e  d i f f e r e n c e s  i n  a r r i v a l  times measured by t h e  
f o u r  p r e s s u r e  gauges  p l a c e d  i n  a r i n g  a round the t u b e .  These d i f f e r e n c e s  were as , 

g r e a t  as 11 usec, c o r r e s p o n d i n g  t o  a 15  mm d i f f e r e n t i a l  i n  a x i a l  p o s i t i o n ,  i n  shock  
waves 'where  t h e  smoked f o i l  con f i rmed  t h e  p r e s e n c e  of s ing le -headed  s p i n .  

F i n a l l y ,  t h e  o c c u r r e n c e  o f  s ing le -headed  s p i n  i s  demons t r a t ed  v e r y  g r a p h i c a l l y  
in t h e  open s h u t t e r  pho tograph  r ep roduced  i n  Fig.  1. 

A c o n c e n t r a t i o n  i n  t h e  r e a c t i o n  zone ,  which p e r s i s t e d  f o r  s e v e r a l  hundred micro- I 

1 
! 

A f t e r  p a s s a g e  o f  a spinninp,  wave, 

I 

F o i l s  p l aced  o n l y  on t h e  end w a l l  are more 

t 

T h i s  l e a d s  t o  s c a t t e r  i n  t h e  a p p a r e n t  shock .._.. ~ ..^,^^ :*.- .a^> -1 c-__ - I _ _  *:-. I-- 1 -  I._& - . . - 1  - r  ..L^ -L-->. 
w o w =  r s i v c r ~ y  u s u u c ~ u  I L V ~  C L I ~  ~ i i i i r  I I I L ~ L . V ~ I D  ~ r ~ w e r i i  a L ' L ' A v a L  UI ~ i i e  ~ I I U C ~  at 

T h i s  scat ter  i n  a p p a r e n t  v e l o c i t y  was 
o b s e r v e d  t o  be as  g r e a t  as  '10% o v e r  30 cm i n t e r v a l s  i n  waves where t h e  end f o i l s  \ I  

t h e  r e v o l v i n g ,  nonp lana r  shock  f r o n t  which moves a t  .much more n e a r l y  c o n s t a n t  a v e r -  \ 
,I 

f '  

\ 



Q u a n t i t a t i v e  examina t ion  o f  t h e  c o n d i t i o n s  under  which s p i n  and  r e l a t e d  in -  
s t a b i l i t y  phenomena o c c u r  is  hampered by t h e  u n c e r t a i n t y  i n  t h e  measurement o f  t h e  
a x i a l  v e l o c i t y  wi th  t h e  p r e s e n t  i n t e r v a l  method. N e v e r t h e l e s s ,  d e t e r m i n a t i o n  of t h e  
approx ima te  r a n g e s  o f  c o n d i t i o n s  unde r  which s p i n  is observed  h a s  been pursued .  The 
Chapman-Jouguet v e l o c i t y  o f  t h e  1% C 2 H 2 ,  1.5% 0 2 ,  97.5% A r  m i x t u r e  i n i t i a l l y  a t  room 
t e m p e r a t u r e  and ca. 0 . 1  atm p r e s s u r e  is a b o u t  0.9 km/sec,  and t h e  v e l o c i t i e s  of t h e  
shock  waves s t u d i e d  were be tween 1 . 0  and 2.0 km/sec. A t  each  of t h e  t h r e e  i n i t i a l  
p r e s s u r e s  s t u d i e d ,  t h e r e  i s  a r a n g e  o f  shock  v e l o c i t i e s  above 1.0 km/sec i n  which 
n e i t h e r  s ing le -headed  s p i n  n o r  any  o t h e r  d i s c e r n i b l e  p e r t u r b a t i o n  a t  t h e  shock wave 
f r o n t  was obse rved .  A t  po = 20 and 50 Torr, t h e  o c c u r r e n c e  of chemica l  r e a c t i o n  be- 
h i n d  t h e  shock f r o n t  was i n d i c a t e d  a t  shock  v e l o c i t i e s  above  ca. 1.1 km/sec by t h e  
growth and subsequen t  l e v e l i n g  off o f  a b s o r p t i o n  of t h e  u l t r a v i o l e t  l i n e  r a d i a t i o n  
o f  OH. But ev iaence  o f  s p i n  w a s  n o t  p r e s e n t  i n  smoked f o i l  o r  open s h u t t e r  photo-  
g r a p h i c  r e c o r d s  e x c e p t  a t  v e l o c i t i e s  above  ca. 1.2 km/sec  f o r  po = 50 T o r r  and 
above ca. 1.33 k m / s e c  f o r  po 20 Tor r .  
a t  v e l o c i t i e s  as low as  ca. 1.10 km/sec ,  b u t  n o t  a t  still  lower v e l o c i t i e s .  A t  
t h e s e  lower  v e l o c i t i e s ,  where f o r  normal shock waves t h e  t e m p e r a t u r e  b e f o r e  r e a c t i o n  
l i e s  below abou t  1300°K, OH r a d i c a l  a b s o r p t i o n  d i d  n o t  p rov ide  a good means of de- 
t e c t i n g  t h e  o c c u r r e n c e  of r e a c t i o n ,  even though o t h e r  work9  has  shown t h a t  t h e  i n -  
d u c t i o n  zone,  s c a l e d  f o r  d e n s i t y  of r e a c t a n t s ,  l i e s  w e l l  w i t h i n  t h e  t i m e  and s p a c e  
r eg imes  o f  t h e  p r e s e n t  expe r imen t s .  E v i d e n t l y ,  l i t t l e  OH i s  formed u n l e s s  t h e  com- 
b u s t i o n  t a k e s  p l a c e  a t  h i g h e r  t e m p e r a t u r e s  t h a n  t h i s .  

'vlhen t h e  shock v e l o c i t y  was r a i s e d  above  t h e  t h r e s h o l d  r a n e e  f o r  s i n z l e  s p i n ,  
s p i n  modes of h i g n e r  m u l t i p l i c i t y  were ob ta i r i ea .  For  example,  a t  po = 50 T o r r ,  
s ine l e -headed  s p i n  was o b t a i n e d  f a i r l y  r e p r o d u c i b l y  n e a r  1 . 3  k m / s e c ,  b u t  shock 
f r o n t s  w i t h  2, 3, o r  4 v i s i b l e  creases e x t e n d i n g  t o  t h e  p e r i m e t e r  of  t h e  end p l a t e  
smoked f o i l s  were common n e a r  1 . 4  km/sec.  The a b i l i t y  of smoked and  p l a t e  f o i l s  t o  
r e c o r d  t h e  impinqement of h i g h l y  segmented f r o n t s  i n  t n e  i n t e r i o r  of t h e  shock t u b e ,  
as has  been done so s u c c e s s f u l l y  i n  unsuppor ted  was d i sappo i r i t i nE .  
A t  shock  v e l o c i t i e s  above ca. 1.5 km/sec a t  po = 50 T o r r ,  on ly  small, i s o l d t e d  sec- 
ments of  wave i n t e r s e c t i o n  t r a c k s  were reco rded .  Thus w h i l e  t h e  p r e s e n c e  o f  p e r -  
s i s t e n t  s p i n - l i k e  p e r t u r b a t i o n s  i s  i n d i c a t e d ,  it was n o t  p o s s i b l e  t o  o b s e r v e  any 
o r d e r l y  s t r u c t u r e  o r  s t u d y  v a r i a t i o n  o f  s t r u c t u r e  w i t h  shock  v e l o c i t y .  

OH a b s o r p t i o n  o s c i l l o g r a m s  showed pronounced u n d u l a t i o n s  n o t  o n l y  i n  e x p e r i -  
ments where s i n E l e  s p i n  was i n d i c a t e d ,  b u t  a l s o  i n  expe r imen t s  w i t h  c o a r s e  m u l t i -  
headed s p i n .  In  s t i l l  f a s t e r  shock  waves, tnough,  t h e  s t r u c t u r e  was e v i a e n t l y  
of  s u f f i c i e n t l y  f i n e  s c a l e  a n d / o r  low i n t e n s i t y  t h a t  p r o p e r t i e s  a v e r a g e d  o v e r  t h e  
t u b e  d i a m e t e r ,  as  by a photon  beam a b s o r p t i o n  e x a e r i m e n t ,  may become u s a b l e  f o r  
d e t e r m i n a t i o n  of combustion s t o i c h i o m e t r y  and t n e  c o u r s e  o f  slow chemica l  changes  
t h a t  f o l l o w  behind  t h e  i n d u c t i o n  zme.  

A t  120  Torr, s i n g l e - h e a d e d  s p i n  o c c u r r e d  

Another  reg ime of i n t e r e s t i n g  phenomena was found i n  r e a c t i v e  shocks  a t  ve loc -  
i t i e s  j u s t  below t h o s e  a t  which s ing le -headed  s p i n  was obse rved .  
o s c i l l o ~ r a m s  were n o t  r e p r o d u c i b l e ,  sometimes i n d i c a t i n g  a b r u p t  f o r m a t i o n  of l a r g e  
q u a n t i t i e s  o f  OH and on o t h e r  o c c a s i o n s ,  unde r  c l o s e l y  s i m i l a r  c o n d i t i o n s ,  showing 
s c a r c e l y  d e t e c t a b l e  appea rance  o f  OH.  
wave prop,ress  down t h e  t u b e  showed scat ter  which was a p p r e c i a b l e ,  w i t h  d i f f e r e n c e s  
i n  a p p a r e n t  v e l o c i t y  a s  l a r g e  as 3% between s u c c e s s i v e  30 cm i n t e r v a l s .  Tests re- 
v e a l e d  co r re spond inn  d e p a r t u r e s  of t h e  shock  f r o n t s  from p l a n a r i t y ,  which were on ly  
abou t  o n e - t h i r a  as large a$ t h o s e  found when s p i n  was i d e n t i f i a b l e .  
r e c o r d s  showed no c r e a s e s  extendinp,  t o  t h e  p e r i m e t e r  o f  t h e  tube .  
p l a t e  f o i l s  showed p a t c n e s  of i n d i s t i n c t  d i s t u r b a n c e  i n  t h e  i n t e r i o r  of t h e  tube .  

On t h e  b a s i s  o f  t h i s  somewhat i ncomple t e  c h a r a c t e r i z a t i o n  o f  t h e s e  sub- 
s p i n n i n g  i n s t a b i l i t i e s ,  it is nypo thes i zed  t h a t  t h e y  r e p r e s e n t  i r r e g u l a r i t i e s  i n  
t h e  r e a c t i o n  zone whicn a r e  n o t  of s u f f i c i e n t ,  l o c a l i z e d  e x o t h e r m i c i t y  t o  ex tend  
t h e i r  i n f l u e n c e  i n  l a r g e  a m p l i t u d e  form t o  t h e  shock  f r o n t  or are n o t  of p rope r  
wavelength  t o  c o u p l e  t o  a c o u s t i c  o s c i l l a t i o n s  o f  t h e  burned  gas .  A t t e n t i o n  i s  h e r e  
drawn to i n t e r f e r o g r a m s  o f  r e a c t i v e  shock waves i n  d i l u t e  exo the rmic  s y s t e m s ,  

OH a b s o r p t i o n  

Raster o s c i l l o s c o p e  r e c o r d s  o f  t h e  shock 

Smoked f o i l  
I n s t e a d ,  end 
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i n c l u d i n z  a n  : iH3 - O2 sys t em”  and one  of t h e  E2 - 02 - A r  m i x t u r e s 1 2  p r e v i o u s l y  
used fo r  k i n e t i c s  s t u d i e s  i n  o u r  L a b o r a t o r y 5  i n  which a t  i n i t i a l  p r e s s u r e s  be- 
tween 100 and 200 Torr t h e r e  had been  pronounce? u n d u l a t i o n s  i n  OH a b s o r p t i o n  , 

o s c i l l o g r a m s .  These i n t e r f e r o g r a m s  showed t h a t  t h e  shock f r o n t  is  q u i t e  f l a t ,  
t h o u z n  s l i g h t l y  t i l t e d  i n  t h e  t u b e ,  b u t  t h e  r e a c t i o n  zone is much more s i q n i f i -  
c a n t l y  d i s t u r b e d .  I t  a lso seeins a p p r o p r i a t e  to  r e p o r t  t h a t  a t t e m p t s  t o  r e c o r d  
smoked f o i l  i n s c r i G t i o n s  i n  t h e  112 - 0 2  - A r  m i x t u r e  under  t h e s e  same c o n d i t i o n s  
qave n e g a t i v e  r e s u l t s .  

t i i f  same sys te r r ,  we n o t e  t h a t  most of t n e  k i n e t i c s  s t u d i e s , 1 3  some of which have  
used  more c o n c e n t r a t e d  m i x t u r e s  t n a n  t h e  p r e s e n t  o n e ,  nave been l o n e  i n  an  i n i t i a l  
p r e s s u r e  reg ime an  o r d e r  o f  mayni tude  lower. 111 a d d i t i o n ,  many of t h e  s t u d i e s  have 
been  done u s i n 2  r e f l e c t e d  s h o c k  waves and i r ,  ways which are n o t  so s u b j e c t  t o , i n t e r -  
f e r e n c e  by t r a n s v e r s e  waves e i t i i e r  a t  t h e  snock f r o n t  or i n  t h e  r e a c t i o n  zone. 

To r e l a t e  tlie p r e s e n t  work i n  a c e t y l e n e  - oxygen m i x t u r e s  t o  o t h e r  work i n  

The o c c u r r e n c e  o f  s p i n  i n  an  envi ronment  d i v o r c e d  from m a r g i n a l l y  p r o p a g a t i n g  
d e t o n a t i c n  would ai’pear t o  o f f e r  a h e r e t o f o r e  u n r e a l i z e d  o p p o r t u n i t y  t o  s t u d y  t h e  
l i m i t i n ?  c o n d i t i o n s  for t h e  o c c u r r e n c e  of s p i n  v i t n  a d d i t i o n a l  v a r i a b l e s  a t  o n e ’ s  
c o m a n d  i n  t n e  ho?e o f  e l u c i d a t i n i :  d e t o n a t i o n  l i m i t  phenomena. The l a c k  of s h a r p -  
n e s s  of t i ie  limits o h s e r v e d  i n  t h e  ? r e s e n t  sys tem d e t r a c t s  somewhat from t h e  d t -  

t r a c t i v r n e s s  of t:iis a ~ ~ i r o . i c i 1 ,  : )u t  furt1ic-r a o r ~  nay De a p a r o p r i a t e .  

. na . - .. ,e:, o:,si?rve:. i n  t i i e s e  dv.iven inosh \ j ives  t o  hrrowi i ; r o p e r t i e s  o f  t h e  ci iemical  n:ix- 
liirc. Fro: t i le  c i ; ? i t t e < : l y  . : i .u te  value:; of t i ie  tiire;ho:d v e l o c i t i e s  fo r  s p i n ,  

a 2: i <? 1 I n  r: uc t i c,n zoi; E 1 e I: 7, L i l  r i::e t e n 3 e r a t u r t  a [ i d  d e n s i t y  behind  t i ie a x i a l -  

A. i,riei’ a t t e r n t  i s  n a i e  iiere t o  r e l a t e  some p r a m e t e r s  of t h e  sirir;le s p i n n i n g  

> t h r e s n o l d ,  , it  t i i t  t i .F i e  ? X  t.-, L i n i t i a l  ;iressures, tiie i n d u c t i o n  t i n e s  t ;  anc! 

i n i n ?  shock f r o n t s  have i~e,en e v a l u a t e d  frorn 
T h e s e  v.l.liies a r e  r e c o r d e d  i n  T a i l c  1, where 

r:c 1eri:;tiis C c r  t i i esc  s ? i n n i n Z  i;aves a r e  n o t  con- 
r d e n s i t y ,  anci a r e  a11 snal.ler t h a n  tkic IOC ir.m 

?,. ~ : i e  r,ecin ; . i ~ c n  r i r i q i i ,  3, f r o 3  smoked  s i d e  f o i l s  anti t h e  nean  a x i a l  v e l o c i t y ,  
i j ,  were o t ta ine : l  from se?;ir<ite ex ; ie r iments ,  done for 90 = 20 and  50 Torr ,  eaci l  a t  
c c n s t a n t  t u b e  loiidin:: co c i i  t i o n s .  ‘.?!lese d a t a  x e r e  conbined  t o  d e t e r m i n e  t h e  c i r -  
cuni!-ereiiti;il v e l o c i t y  c o  ponei.? of  t n e  s i n ~ l e  s p i n  untier t h e s e  two c o n d i t i o n s .  I 
‘Ta!;le TI t n e s e  a r e  rrcor e d  an2 c o m a r e d  w i t i l  t iie p e r i m e t r a l  v e l o c i t y  f o r  p u r e  

t 

fur idamental  i r c u  a t i o j j  i r i .  t h e  _rea_cteti gas. es-tinidted f o r  a - p l a n e  

t i m e s  tae sound v e l o c i t j r ,  c ) .  l 4  A.lso t a b u l a t e d  a r e  the Chapman-Jouguet d e t o n a t i o n  
v e l o c i t i e s  D’CJ i c r  t h e  unsuFpor t ed  d e t o n a t i o n  o f  t h e  h o t ,  compressed, u n r e a c t e d  
cas Lehind t h e  2r inar-y m o c k  f r o n t  havinr; v e l o c i t y  9. The c i r c u m f e r e n t i a l  v e l o c -  
i t y  of  t h e  t r a n s v e r s e  s p i n  wave d t  t h e  tribe p e r i m e t e r  is  s e e n  t o  l i e  between these 
two c i l a r a c t e r i s t i c  v e l o c i t i e s  o f  tile sys tem,  wnich a r e  s u f f i c i e n t l y  d i f f e r e n t  from 
eact ,  o t h e r  under  t h e  p r e s e n t  e x p e r i m e n t a l  c i r c u m s t a n c e s  t h a t  t h e  s p i n n i n g  wave 
cannot  be i n  close r e s o n a n c e  w i t h  b o t h ,  cis i t  n a s  been  found t o  be i n  c e r t a i n  u n - ’  
su?; ,or tec  sp innine ,  ( j e t o n a t i o n s . 1 4 ’ 1 5  

I n  s i p l e s t  ttrrns, t h e  e x p e r i m e n t s  d e s c r i b e d  here show t h a t  t h e  o c c u r r e n c e  of 
s i n e l e - h e a d e d  s p i n ,  whicn may be u n i v e r s a l l y  a s s o c i a t e d  w i t h  u n s u p p o r t e d  d e t o n a -  
t i o n s  a t  tiie l i n i t s  of t h e i r  a b i l i t y  t o  p r o p a g a t e ,  is n o t  e x c l u s i v e l y  a p r o p e r t y  of 
u n s u p p o r t e d  waves or of Chapman-JouEuet f low.  

oxycen - a r z o n  m i x t u r e  was first i d e n t i f i e d  were c a r r i e d  o u t  i n  J u l y  1 9 6 3  by 
1.1. P .  Eastman and P.  F. 8 i r d ,  and i n  c o l l a b o r a t i o n  w i t h  P ro f .  K. A .  S t r e h l o w .  
J .  L. Young and J .  G .  d i l l i a m s o n  c a r r i e d  o u t  most of t h e  s u b s e q u e n t  e x p e r i m e n t a l  
w o r k .  

stdock wave 3 c  t-re w i t ; )  r e a c t i o n  to  c h e m i c a l  e q u i l i b r i u m  (1.81+ 

The i n i t i a l  e x p e r i m e n t s  i n  wnich t h e  o c c u r r e n c e  o f  s p i n  i n  t n i s  a c e t y l e n e  - 
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Table  I. Normal Shock I n d u c t i o n  Zones a t  Sp in  Thresho ld  for 1% C2H2, 
1.5% 02,  97.5% A r  i n  1 0  cm d i a m e t e r  t ube .  

X ti i 

' T o r r  km/sec OK p s e c  mm 

20 1.33 1820 52 20 
50 . - 1 . 2 0  1518 8 3  29 

120 1 .10  1317 122  4 1  

PO D t h r e s h o l d  T 

Table  11. C i r c u m f e r e n t i a l  V e l o c i t y  C o n s i d e r a t i o n s  f o r  SinRle-Headed Sp ins  
i n  Dr iven  Shock Waves. 

D c o t 0  %J PO D 0 1.84 c 

Torr km/sec km/sec km/sec km/sec 

20 1 .38  46O 1.59 1 .33  1 .25  
50 1 .31  430 1 .53  1.40 1.24 
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Figure 1. 

S t i l l  photograph of luminosity of driven shock, 
D = 1.3 mm/psec, in 1.0% C2H2, 1.5% 02, 97.5% Ar 
a t  50 t o r r .  i n  10 cm diameter glass tube. 
Shock motion l e f t  t o  right. 
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Transi t ion from Branching Chain Kine t ics  t o  P a r t i a l  Equ.ilibrium i n  the  
Shock-Induced Combustion of Lean Hydrogen-Oxygen Mixtures 

W. C. Gardiner, Jr., K. Morinaga, D. L. Ripley 
and T. Takeyama 

Department of  Chemistry, Tne Univers i ty  of Texas,.Austin, Texas 

. .  : 1 ... . . ’ _ ,  

T h e  chemical k i n e t i c s  of  t h e  high-temperature reac t ion  between hydrogen and 
oxygen has been the  subjec t  of numerous, exper imenta l . s tud ies .  For t h e  case of 
-:ombzstion i n  shock waves through hydrogen-oxygen mixtures h ighly  d i l u t e d  with 
argon, the k i n e t i c s  may be divided i n t o  t h r e e  regimes: i n  t h e  i n i t i a t i o n  regime, 
small  concentrat ions of atoms and/or r a d i c a l s  a r e  generated by slow, unknown reac- 
t i o n s ;  i n  t h e  induct ion regime, bimolecular branching chain r e a c t i o n s  lead t o  ex- 
ponept ia l  increase i n  t h e  concent ra t ’ons  of  H,O and OH; i n  t h e  recombination regime, 
termolecular  reac t ions  cause evaluat ion of  hea t  and establ ishment  of  chemical 
equi l ibr ium. The induct ion reg-ime k i n e t i c s  a r e  thought t o  be expl icable  i n  terms 
of t h e  mechanism 

H + O2 = OH + 0 

0 + H 2  = OH f H  

OH + H2 = H20 + H 

(1) 

( 2 )  

( 3 )  
!.,!hen t h e  Of r a d i c a l  concentrat ion i s  high, t h e  f a s t  reac t ion  

OH + OH = H 2 0  + 0 (4)  
a l s o  cont r ibu tes  t o  interconversion of spec ies .  Neglecting t h e  s t e p  

w!!ich i s  important f o r  I, >I atm, T < 1200“K, def ines  t h e  l i m i t s  of  v a l i d i t y  of 
t h i s  nechanism. Rate constant  expressions f o r  a l l  of these  s t e p s ,  based on a 1 v a r i e t y  o f  experiments, h.we been proposed . , The agreement among t h e  var ious  inves- 
t i E + t o r s  i s  good. 

H + O2 + M = H02 + M ( 5  1 - N 

The separa t ion  between induct ion and recombination regimes l i e s  e s s e n t i a l l y  
i n  t h e  f t ic t  t h a t  t h e  termolecular  reac t ions  of t h e  l a t t e r  a r e  f a r  slower than the  
bimolecular reac t ions  of t h e  former. Steps (1-4) have, a s  a consequence, almost 
equal  forward and reverse rat s during t h e  recombination regime, leading t o  a con- 

+;?:at i n  mixture:: with 1 H2J/L0,] = R e i t h e r  >> 1 or <<1 t h e  t r a n s i t i o n  between 
in~- lu~r t ion  regime k i n e t i c s ,  governed by t h e  r a t e s  of (1-3) and t h e  p a r t i a l  e q u i l i -  
k . r i w .  :onditl on, governed by t h e  equi l ibr ium const.:nts of (1-3) could involve 
transient e f f e c t s  capable of  y ie ld ing  worthwhile information on t h e  rate constants  
of’ (1-4) .  
?tor?. spike:, an,; from t h e  experimental absence of  OH spikes ,  they  were a b l e  t o  
4 e * ! u c ~  z n  >:?per l i m i t  f o r  k /k 
The 03 spike: absent i n  R>3 1 3 ~ i x t u r e s  a r e  found t o  be q u i t e  pronounced fo r  
R <  .l. 
C .  “d;e:, p. = 10 t o r r ,  1400 < T <  2500°K is  reported here .  
:or:oined Di -oncentrat ion measurement by t h e  Bi(3067) m e t k ‘  with conventional 
shock tube nethods. 

, I : + ’  5 - > . o n  of p2r t ia . l  equi l ibr ium . It was shown r e c e n t l y  by H a m i l t o n  and Schott3 

They inves t iga ted  t h e  s i t u a t i o n  with R)) 1. They predicted l a r g e  0- 

We have inves t iga ted  t h e  s i t u a t i o n  f o r  R <<l. 

Cuant i tc t ive  i n v e s t i g a t i o n  of inc ident  shocks i n  H /02 /Ar  =. i/ic/89 mix- 
experimental technique 

3-e 09 absorpt ion s i c n a l  f o r  a run a t  1 6 8 0 ~ ~  i s  shown i n  Fig.  1. 
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4 OH .ABSORPTION 

Po = 10 mm Hg 

T = 1680 'K 
H2/02/Ar = 1/10/89 

c LASER SIGNAL - SHOCK FRONT ARRIVAL Figure 1. t -  

In or,der t o  convert t h e  da ta  t o  graphica l  form, some approximations a r e  needed. 
F i r s t ,  t h e  ex t inc t ion  c o e f f i c i e n t  f o r  t h e  Bi(3067) method f l u c t u a t e s  considerably 

.from run t o  run.  
po in t ,  a n ?  Beer's Law was taken  t o  c a l c u l a t e  t h e  r a t i o  [OH](spike)/[OH](partial 
equi l ibr lum) ,  with t h e  l e v e l  por t ion  of  t h e  t r a c e  assigned t o  t h e  p a r t i a l  equilibrium 
con:!ition, f o r  which [OH] can be r e a d i l y  computed from t h e  shock speed. To ass ign  
e r ro r  l i m i t s  t o  t h i z  r a t i o ,  t h e  appropriate  extreme poin ts  were read from t h e  records 
and Likewise s u b s t i t u t e d  i n t o  Beer ' s  Law t o  ge t  t h e  upper and lower l i m i t s  f o r  t h e  
[OH](spike)/[OH](partial equi l ibr ium)  r a t i o .  
i s  d i f f i c u l t  t o  determine both on the  experimental records and on t h e  oomputed pro- 
f i l e s ,  we use the apparent f u l l  width a t  h a l f  h e i g h t  f o r  t h e  q u a n t i t a t h e  shape 
parameter. By apparent h a l f  width i s  meant t h e  width which would be obtained on 
t h e  accurate  computer p l o t o u t  of  t h e  p r o f i l e  by ex t rapola t ing  t h e  s l i g h t l y  sloped 
post-spike [OH]  ( a  small amount of recombination does occur on t h e  time sca le  of  
these  experiments v i a  Reaction ( 5 ) )  back t o  the  c e n t e r  of t h e  spike, and then 
measuring t h e  full width of t h e  spike h a l f  way between t h e  back ex t rapola t ion  and 
t h e  top.  
t h e  c o r r e c t  h a l f  he ight .  The r e s u l t s  a r e  presented i n  Figs .  2 and 3 .  

For these  experiments each run was used a s  i t s  own c a l i b r a t i o n  

Since t h e  full width of the  sp ikes  

On t h e  records themselves, t h i s  means r e a p p l i c a t i o n  of Beer's Law t o  g e t  

. .  

The f i r s t  approach t o  i n t e r p r e t  t h e s e  d a t a  i s  t o  search f o r  a s e t  of r a t e  
c o n s t a n t s  f o r  the mechanism (1-4) which w i l l  p r e d i c t  t h e - c o r r e c t  spike he ights  and 
spike dura t ions .  
and a suggest ion by Schot t  t h a t  lean mixture maxima would be favored by l a r g e  values  
of  t h e  r a t i o  k /k 
Saldwin and Me?viAib, t h e  k2 expression given by Clyne and Thrushlc, an& t h e  k 
s ~ d  '?4 expressions given by Kaufman and DelGrecola. 
and S c h o t t l f  provides a new va lue  f o r  kl which can a l s o  be used as input .  
t h e  c r i t i c a l  1.. 
and Thrush, a 1  

has  been reported by Dixon-Lewi's, Wilson and Westenberglh. 
t h e  k /k 
spike i n  the  OH p r o f i l e ,  t h e  induct ion per iod r e a c t i o n s  must behave i n  such a way 
t h a t  OH production temporar i ly  exceeds OH des t ruc t ion  as the  H concentrat ion sud- 
rlenly drops  from i t s  induct ion  period value t o  i t s  p a r t i a l  equi l ibr ium value.  
Reaction (4 )  unambiguously des t roys  OH r a p i d l y  a t  t h i s  time; Reaction (1) provides  , 

r e a c t a n t s  f o r  both ( 2 )  and ( 3 )  at equal  rates; t h i s  leaves  (2)  and (3)  a s  t h e  primary 
genera tors  of the OH p r o f i l e .  
w i l l  hsve rates which drop suddenly as  t h e  l as t  H2 i s  consumed. 
OH by (2 )  can then lead  t o  more OH than can be consumed by ( 3 )  when H 2  comes i n t o  

This i s  g r e a t l y  a s s i s t e d  by t h e  a v a i l a b i l i t y  of  much good data ,  

given by We s t a r t e d  with t h e  r a t e  cons tan t ,express ion  f o r  k 

A recent  experiment by Guzman 
For 

t h e r e  a r e  t h r e e  s t u d i e s  which supercede t h e  consensus of  Clyne 
giving h igher  va lues  of  k . these  were done by Wong and P o t t e r l g  ?' . . 

annin. A- higher  7cah.e ef Ir!. Westenberg and (le Hassle, and Gutman ,and 8&o+.tlf -.". -.. 
A . 4  

The h i n t  regarding 
I n  order  t o  produce a r s t i o  may be understood i n  t h e  following way. 

2 3  

2 

Both of them have t h e  same dependence on H2, so both 
Oyerproduction of 
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shor t  supply, snd an overshoot occurs .  This ana lys i s  is  r a t h e r  oversimplif ied,  as 
our s:tbsequenr; ana lys i s  w i l l  show; however, t h e  d i r e c t i o n  of  seeking high values  of 
k, i s  c lear .  
depend on t h e - v a l u e  of k4. 

c a l  in tegra t ion  Esing t h e  k 
?!?e h e l f  widths a re  approxiAately c o r r e c t ,  but t h e  he ights  a r e  f a r  lower than t h e  
d a t a  ind ica te .  Immediately we can conclude t h a t  it ;s unnecessary t o  i n v e s t i g a t e  
f u r t h e r  with t h e  k, value of Clyne and Thrush, f o r  it i s  lower than  Gutman and 
S c h o t t ' s  a t  1500"Kdby f a c t o r  2. Next, increase  the  value of k2 and  see what hap- 
pens. J u s t  as expected, t h e  he ights  increase ;  t h e  h a l f  widths decrease. By t r i a l  
and e r r o r ,  a k2 value 5 times t h a t  of Clyne and Thrush, or 2-112 t imes t h a t  of 
nutman and Schot t ,  i s  found t o  g ive  t h e  r i g h t  he ight  and h a l f  width a t  1500 OK. 

I n  subsequent c a l c u l a t i o n  it i s  found t h a t  t h e  r i g h t  temperature dependence i s  found 
a l s o ,  although the.  high temoerature va lues  a r e  perhaps somewhat high.  The inf luence 
of k, i n  place of t h e  Gutman and Schott value.  
minof.. Varying k has i i t t l e  e f f e c t .  When t h e  r a t e s  of the  reac t ions  a re  checked, 
it i s  found t h a t  ?he lack  of e f f e c t  of  k 
most;;- consumed by (4 )  r a t h e r  than ( 3 )  a2 t h e  spike time. .Therefore, i n  order  t o  
tr:j t o  reproduce %he spike by lowering t h e  OH consumption r a t e  a t  t h e  time of t h e  
q i k e ,  k must be reduced. I t  i s  indeed poss ib le  t o  increase  t h e  he ights  somewhat 
by  t h i s  procedure; however, t h e  pred ic ted  h a l f  widths a re  seen t o  become f a r  too  
la rge ,  6nd we conclude t h a t  it is  u s e l e s s  t o  t r y  t o  p r e d i c t  t h e  sp ikes  by lowering 
tile OH des t ruc t ion  r a t e  from t h a t  predicted by t h e  consensus r a t e  constants .  

Whether or  not it w i l l  be f r u i t f u l  t o  seek low va lues  of k w i l l  3 

F i r s t  consider  t h e  peak he ights  and half  widths xhich a r e  pred ic ted  by numeri- 
and k2 va lues  of Gutman and Schot t .  (Figs .  2 and 3 , )  

It i s  seen t h a t  t h e  d i f fe rence  i s  

i s  simply due t o  t h e  f a c t  t h a t  OH i s  

4 

To swrmarize thi:: approach t o  pred ic t ing  t h e  spikes  by numerical in tegra t ion  of 
??e conventional mechanism, we f i n d  t h a t  reasonably s a t i s f x t o r y  agreement i s  ob- 
te ined i f  k, i s  taken as about 2-3 times t h e  value predic ted  by t h e  expressions of 
0.. a d a n  c 

is the  only way t o  predict, spikes  with t h i s  mechanism. The shortcomings of t h i s  
a p p n a c ?  a re  the  disagreement with o ther  values  f o r  k2'and t h e  imposs ib i l i ty  of 
re onci l lnq  high v i l u e s  f o r  k 
3. 

and s c h o t t ,  Wong and P o t t e r ,  or Westenberg and de Haas. Furthermore, t h i s  

with t h e  observed dependence of i g n i t i o n  delays upon E 2 

?here a re  s e v e r a l  o ther  ways i n  which OH-spikes might be produced. The pos- 
slbilit:! t h ? t  t h e  observed osc i l loscope  t r a c e s  a r e  due t o  an inadequacy i n  t h e  
Xi(5067) method a r i s i n g  from i t s  s e n s i t i v i t y  t o  OH(v=O) may be r e j e c t e d  a s  a quan- 
t i t a t i v e  explanat ion by not ing t h a t  a t  1500°K only 7% of t h e  OH molecules a r e  i n  
exci ted v i b r a t - o n a l  s t a t e s .  The maximum thermal e f f e c t s  of v i b r a t i o n a l  re laxa t ion  
w e  onl;? 3-k$ f o r  these mixtures .  Trace amounts of impur i t ies  could only a f f e c t  
t he  r e s - l t s  by  bimolecular c a t a l y s i s  o f  the  recombination r e a c t i o n s  or by interven-  
xion in the  al ready f a s t  branching mechanism. We see  no way t o  accomplish e i t h e r  of  
Lzese, although they  cannot be r e j e c t e d  on our evidence. F ina l ly ,  it must be allowed 
t h a t  some -:onbination of eamer, could be t h e  source of t h e  observed spikes .  
L 1  

WE ,:onelude t h z t  t h e  observed OH p r o f i l e s  i n  shock-induced combustion of lean 
3--0 -?-.r c i x t u r e s  c m  be explained on t h e  b a s i s  of the conventional mechanism i f  
+fie r a t e  f o r  0 + 5 = OH + H i s  assumed t o  be about twice t h e  c u r r e n t  b e s t  value 
from other  ex_oerimen-.s. Since such an assumption leads  t o  s u b s t a n t i a l  discrepancies  
In  t h e  i n t e r p r e t a t i o n  of o ther  experiments, we consider  t h i s  explanat ion t o  be sug- 
z e s t i v e  only, and sub,ject t o  refinement as f u r t h e r  experimentation i s  done on t h e  
bigh-tercperature chemistry of t h e  H2-02 reac t ion .  

2 
2 
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INTRODUCTION 

The s t eps  involved i n  t h e  i n i t i a t i o n  of detonat ion by inc id-  
I n  en t  shock waves have been ou t l ined  by Strehlow and Cohen 

t h e i r  words, "An exothermic r eac t ion  occurr ing i n  a s m a l l  region 
o f  a flcwing gas causes  an increase  i n  the  l o c a l  pressure  . .. . 
Since t h i s  region i s  subsonic the pressure  increase  w i l l  propagate 
t o  t h e  f r o n t  and inc rease  the  v e l o c i t y  of t he  f r o n t ,  thereby in -  
c reas ing  the  temperature of the  next element of gas heated by 
shock compression. This  process  i s  s e l f - a c c e l e r a t i n g  and i n  gen- 
e r a l  e s t eady- s t a t e  wave w i l l  not be obtained u n t i l  t he  wave i s  
t r a v e l i n g  at o r  above t h e  Chapman-Jouguet v e l o c i t y  for t he  mixture ." 

For d i l u t e  hydrogen-oxygen-argon mixtures ,  i g n i t i o n  induct-  
ion  t imes ranging from microseconds t o  mi l l i seconds  can be obtained 
over a range of temperatures ( 2 , 3 ) .  I n  a shock tube equipped with 
seve ra l  velocity-measuring s t a t i o n s  , we have shock-heated such mix- 
t u r e s  t o  temperatures a t  which induct ion  t imes are a few mi l l i s ec -  
onds long ,  and observed i n  considerable  d e t a i l  t h e  process  by which 
t h e  r eac t ion  wave, i n i t i a t e d  seve ra l  meters behind the  shock wave, 
overtakes and couples wi th  the  shock wave. 

E a r l i e r  measurements (4,5,6) have ind ica t ed  t h e  increase  i n  
shock ve loc i ty  due t o  coupl ing  of t h e  r e a c t i o n  t o  the  shock wave, 
but have not  shown many of t h e  d e t a i l s  of t h e  process .  Strehlow 
and co-*xorkers (1,7,8) have made ex tens ive  s t u d i e s  of i n i t i a t i o n  

C A U L I I C I I I I L L  i e a c i i o n s  benind r e f l e c t e d  shock waves. Oppenheim, 
Laderman, and Urtiew ( 9 , l O )  have repor ted  ex tens ive  s tud ie s  on 
t h e  i n i t i a t , i o n  of de tona t ions  i n  gaseous mixtures where the  ign i -  
t i o n  source was a spark ,  a flame , or a hot  wi re .  

(1). 

,,C ^--^&I---- 1 -  

. 1 .  . ,  . . . 

. .  
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EXPERIMENTAL 

A square shock tube 7.62 cm. on a s ide  was used .  This  had a 
d r i v e r  gas sec t ion  1.83 meters long and a sample gas  sec t ion  6.10 
meters long.  Diaphragms were of 1 . 2 2  mm. t h i c k  aluminum, s c r i b e d  
diagonal ly  s o  t h a t ,  when they b u r s t ,  four  t r i a n g u l a r  s ec t ions  would 
f o l d  back, one along each s ide  of the  tube .  A i r  w a s  used as d r ive r  
gas .  

a t  the  desired pressure  (below the  bu r s t ing  pressure  of the  diaph- 
ragm), then the diaphragm was ruptured by a plunger .  This permit t -  
ed c lose  con t ro l  (about 0.5%) over the  d r i v e r  gas p re s su re .  

num heat  t r a n s f e r  gauges f o r  ve loc i ty  and hea t  t r a n s f e r  measurements, 
and with SLM Model 603 p iezoe lec t r i c  gauges ( K i s t l e r  Instrument 
Corporation , Clarence , New York) f o r  pressure  measurements. The 

When a run was made, the a i r  w a s  added t o  the  d r ive r  sec t ion  

The sample gas  s ec t ion  w a s  instrumented with th in - f i lm  p l a t i -  

pos i t i ons  of these gauges w i t h  r e spec t  t o  the diaphragm a r e  l i s t e d  
i n  Table I .  . 

Table I 

Pos i t ions  of Gauges with Respect t o  Shock-Tube Diaphragm 
Gauge Distance Downstream from 

Diaphragm, Meters 

Heat t r a n s f e r  No. 1 3.2004 
Heat t r a n s f e r  No. 2 

4.6482 
Heat t r a n s f e r  No. 
Heat t r a n s f e r  No. 
SLIM No. 1 

3 : E;: 
4.6991 

Heat t r a n s f e r  No.13 4.6991 
Heat t r a n s f e r  No. 5 4.8006 
Heat t r a n s f e r  No. 6 4 .go22 

Heat t r a n s f e r  No. 7 5.0038 

Heat t r a n s f e r  No.10 5.3086 
Heat t r a n s f e r  No.11 5.3594 

.? 

SLM No. 2 4.9530 

Heat t r a n s f e r  No. 8 5.1054 
Heat t r a n s f e r  No. 9 5.2070 

Heat t r a n s f e r  No.12 5.9690 
Heat t r a n s f e r  gauges 1, 2 ,  and 3, and SIN gauge 1 were mounted on 
the s ide  of the  tube;  the o the r s  were on the  top.  Heat t r a n s f e r  
gauge 1 3  was used to measure the r a t e  of hea t  t r a n s f e r  from the gas 
t o  the  w a l l .  The time base f o r  a l l  ve loc i ty  measurements was a Tek- 
t ron ix  Model 1 8 0 A  time-mark genera tor .  Outputs from the  piezoelec-  
t r i c  gauges were fed  i n t o  charge a m p l i f i e r s ,  then recorded using a .  
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/ 
Tektronix Model 555 osc i l l o scope .  The p i e z o e l e t r i c  gauges were 
c a l i  br ate d s t a t i c  a1 l y  aga ins t  a p r e  c i s i  on l abor  at  ory p re s  sure  
gauge. 

t 
I n  the  temperature range under s tudy ,  the  induct ion  time f o r  1 

RESULTS 

i g n i t i o n  of a hydrogen-oxygen-argon mixture v a r i e s  r a p i d l y  with -. 
temperature .  Accordingly,  a good many experiments were necessary 
t o  determine the  condi t ions  needed t o  br ing  about coupling of the  
r eac t ion  a n d  shock waves i n  the r i g h t  p a r t  of t he  tube.  This point  
i s  i l l u s t r a t e d  by the  d a t a  of Figure 1, which apply t o  a gas  mix- 
t u r e  containing approximately 4% H2 and 2% 02 by volume i n  argon. 

With sample p re s su res  above about 0.086 a t m .  , the  v a r i a t i o n  
of shock speed wi th  sample pressure  i s  as one would expect when 
no chemical r eac t ion  i s  occurr ing .  In the  sample pressure  range 
of 0.082 t o  0.086 a t m .  , the  shock speed reaches a high value as 
the  r eac t ion  wave ca t ches  up t o  t h e  inc iden t  wave. For lower sample 
p re s su res ,  the r e a c t i o n  has coupled t o  the shock wave before  the  
wave reached the  measuring s t a t i o n .  The e f f e c t s  of s m a l l  d i f f e r -  
ences i n  i n i t i a l  p re s su re ,  and of o t h e r  minor va r i ab le s  such as 
the  speed of diaphragm r u p t u r e ,  a r e  shown by t h e  th ree  d i f f e r e n t  
shock speeds measured f o r  presumably i d e n t i c a l  runs at 0.084 a t m .  
Complete data  f o r  t hese  th ree  runs show t h a t  i n  one case  t h e  peak 
shock speed occurred before  hea t  t r a n s f e r  gauge 8,  i n  one case be- 
tween gauges 8 a n d  g ,  a n d  i n  the  o t h e r  case  after gauge g .  

I 
, , 

I 
A complete set  of data f o r  the  run t h a t  gave the  h ighes t  ve l -  

oc i ty  i n  Figure 1 i s  shown i n  Figures  2 and 3 .  The d a t a  of Figure 
3 have been redrawn from t h e  o r i g i n a l  osc i l loscope  records i n  order  
t o  have the  same time s c a l e  for all t h e  records ,  and t h e  same pres-  
sure  s c a l e  f o r  the  p re s su re  records .  

approximately 6s Ha and 3$ 02, and 8% HB, and 4% 02. 
mixtures , of cour se ,  t h e  energy r e l e a s e  by chemical r eac t ion  w a s  
g r e a t e r  than f o r  t he  f i rs t  mixture s tud ied ,  and  the pressure  and 
ve loc i ty  e f f e c t s  correspondingly more pronounced. Data f o r  a run 
with the more concent ra ted  mixture a r e  shown i n  Figures 4 and 5. 

S imi la r  sets of d a t a  were obtained f o r  gas  mixtures containing 
For these  

DISCUSSION - 
The da ta  presented  i n  Figures  2 t o  5 can b e s t  be r e l a t e d  by 

drawing wave diagrams f o r  each experiment.  S u f f i c i e n t  d a t a  a re  
ava i l ab le  t o  draw reasonably complete wave diagrams, which a r e  
given i n  Figures 6 and 7. l 

The procedure f o r  drawing Figure 6 w a s  as fo l lows:  From Figures 
1 and 2 it  can be seen t h a t  t h e  f i rs t  v e l o c i t y  measurement of Figure c 
2 corresponds t o  a shock wave unaf fec ted  by chemical r eac t ion .  

\I 

6 
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Therefore,  tk shock v e l o c i t y  from the  diaphragm t o  hea t  t r ans -  
f e r  gaube 2 -;ill be constant  (neg lec t ing  diaphragm opening e f f e c t s  
and a t t e n u a t i o n )  a t  a v e l o c i t y  of approximately 870 meters/sec.  
(The shock speed t h a t  i s  ca l cu la t ed  from t h e  p re s su res  of sample 
2nd d r i v e r  gas ,  by means of Markstein 's  g raph ica l  method (ll), i s  
830 meters/sec . , i n  c lose  agreement . )  I f  t he  diaphragm opening 
time i s  taken a s  0 ,  t he  inc iden t  shock wave w i l l  reach heat  t r ans -  
f e r  gauge E i n  4.38 mil l iseconds ( p o i n t  A of Figure 6 ) .  From t h i s  
po in t  on, the  times t o  reach var ious po in t s  on the  tube a re  given 
d i r e c t l y  bJ t he  d a t a .  

) 

1 

J 
It i s  evident  from the  slow r i s e  i n  shock speed between 3.5 

i Centle p re s su re  wave t h a t  t r a v e l s  through the  shock-heated gas 
, r i t h  ve loc i ty  u + a ,  where u i s  t h e  flow v e l o c i t y  behind the  shock 

ave (551 mete r s l sec )  and a i s  t h e  speed of sound i n  the  heated 
_as (557 meters /sec) .  4ccordingly,  a c h a r a c t e r i s t i c  l i n e  with 
u i- a ,  of 1108 meters /sec.  can be drawn back from Point  A ,  t o  r e -  
p re sen t  t h e  pa th  of t h i s  f i r s t  pressure wave that  communicates 
eiierLj from the  r eac t ion  t o  tk shock wave. 

1 and 4 .9  meters (Figure 2) t h a t  t h e  chemical r e a c t i o n  f i rs t  produces 

4 

The o r i z i n  of t h i s  wave i s  undoubtedly near  t h e  driver-sample 
i n t e r f a c e ,  a t  which i s  loca t ed  t h e  p a r t  of t h e  gas sample t h a t  was 
heated f i r s t  (po in t  B of Figure 6 ) .  It i s  apparent t ha t  t he  ign i -  
t i o n  induction time was about 2 mil l iseconds,  o r  a l i t t l e  l e s s  i f  
i t  i s  considered t h a t  some of t he  sample next  t o  t h e  diaphragm w i l l  
be cooled by d r i v e r  gas and not  r e a c t .  The c a l c u i a t e d  temperature 
behind the  inc iden t  shock wave i s  880'~., and t h e  p re s su re  0.68 atm. 

From Point B the  r eac t ion  f r o n t  f i r s t  appears as a l i n e  pa ra l -  
l e l  t o  t h e  i nc iden t  shock wave. That i s ,  once the  gas has been 
h e i t e d  f o r  2 mil l i s econds ,  i t  s t a r t s  t o  r e a c t .  However, as pres-  
su.re -;raves from the  r eac t ion  inc rease  t h e  inc iden t  shock speed, 
they a l so  increase u and a behind the  shock wave. This means, f i r s t ,  
t h a t  the i z n i t i o n  induc t ion . t imes  of successive elements of the  gas 
become s h o r t e r ,  s o  t h a t  the  v e l o c i t y  of t he  r e a c t i o n  wave exceeds 
tbac  of t h e  shock. wave, and second, t h a t  p re s su re  waves can catch 
up x i t h  waves sen t  out previously,  thereby gene ra t ing  a shock wave. 
The formation of t h i s  second shock wave i s  shown i n  Figure 3 .  It 

inning t o  form a s  it passed S M  gauge 1, and was b e t t e r  
rJassed SLN gavge 2 .  The average v e l o c i t y  i n  the  i n t e r -  

v a l ,  1z40 mecers,.,sec., i s  j u s t  a l i t t l e  g r e a t e r  than u + a ,  as  one 
-:!auld expect f o r  a !.reak shock wave. Once t h e  two waves coa le sce ,  
t i le tenperature  behind the  wave i s  c lose  t o  ZOOO'K., a t  which temp- 
er?.tij.:.e t h e  induct ion time i s  about 20 microseconds ( 2 , 3 ) .  By t ; : i s  
t i n e ,  then , t h e  r eac t ion  wave is .  c lose  behind t h e  shock wave, as 
~i-~ot.,rn i n  Fi;u.i-e ', . ' 

The xave dia;;rm. f o r  t he  more concentrated gas mixture ,  Fig- 
u re  7, i s  s i m i l a r  i n  many ways t o  Figure 6. One no tab le  d i f f e rence  
is t h a t  t h e  f i r s :  evidence of chemical r e a c t i o n  t o  reach the  incid-  
en-; s3ock. xave :.;as a well-developed second shock wave, of v e l o c i t y  
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2080 meters/sec . , 'which had overtaken and ass imi la ted  weak pres-  
sure  waves sen t  out ear l ier  when reac t ion  s t a r t e d .  The f a c t  t h a t  
the shock wave had the  same shape at the  two pressure  measuring 
s t a t i o n s  suggests t h a t  t h i s  i s  a detonat ion wave i n  the  gas  which 
had been preheated t o  830°K., compressed t o  0.79 a t m . ,  and accel-  
e r a t ed  t o  555 meters /sec.  by the  inc ident  shock wave. A ca lcu l -  
a t i o n  of the  detonat ion p r o p e r t i e s  made by s tandard methods (12)  
gave the following data, which a r e  compared t o  the  experimental  
measurements. 

Prope r t y  Ob s e rve d Calculated - 
Detonation ve loc i ty  1,525 meters/sec . 1,465 meters/sec . 
r e l a t i v e  t o  unreact-  
ed gas 

Detonation pressure 4 . 6  atmospheres 5.7 atmospheres 

Temperature a f t e r  - 
r e a c t  ion  

2 ,TOO"K 

The agreement, while no t  h ighly  accura te ,  i s  s u f f i c i e n t l y  c lose  
t o  confirm the i d e n t i t y  of t he  wave. 

wave s t a r t e d ,  nor  where i t  caught up with the  f i r s t  pressure  wave 
from the r eac t ion  zone. Two extreme cases  can be considered.  

1. The detonat ion wave formed as soon as r eac t ion  started,  so a 
l i n e  drawn back from the  i n t e r s e c t i o n  of the detonat ion wave 
w i t h  the  inc iden t  shock wave (Poin t  C of Figure 7)  with a s lope  
corresponding t o  2080 meters/sec i n t e r s e c t s  t he  driver-sam l e  
i n t e r - f a c e  a t  the  p o i n t  of i n i t i a l  r e a c t i o n ,  a t  a time of E.9 
mi l l i seconds .  

The data f o r  t h i s  run do not  i nd ica t e  where the  detonat ion 

2 .  - T k  detonat ion wave -overtook the f i r s t  p ressure  wave from- the_- _ _  
r eac t ion  j u s t  before  t h e  l a t t e r  reached SUI gauge 1, SO t h a t  a 
c h a r a c t e r i s t i c  drawn back from t h e  de tona t ion  wave a t  t h i s  po in t ,  
w i t h  a slope corresponding t o  a u + a of 1110 meters/sec. ,  i n t e r -  
s e c t s  the driver-sample i n t e r f a c e  a t  the  po in t  of i n i t i a l  reac-  
t i o n ,  a t  a time of 3 .2  mi l l i seconds .  The wave diagram has ac tu-  
a l l y  been drawn half-way between these  two extremes, on the  
assumption that  t h e  induc t ion  time was 4 .0  mi l l i seconds .  

The f x t  that the  speed of t h e  inc iden t  shock wave goes through 
a maximum value as the r e a c t i o n  wave couples t o  i t ,  than l a t e r  de- 
c reases  somewhat, i s  t o  be expected from t h e  mechanism of the  pro- 
c e s s .  Since no r e a c t i o n  occurs during the  f i r s t  few mi l l i seconds ,  
the  r a t e  of energy r e l e a s e  by chemical r eac t ion  reaches a t r a n s i e n t  
maximum value s i g n i f i c a n t l y  above the  normal r a t e  as t h e  r eac t ion  
wave catches up with the shock wave. 
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More q u a n t i t a t i v e l y ,  the ve loc i ty  of a shock wave w i t h  hea t  
r e l ease  can be c a l c u l a t e d ,  and t he  ca l cu la t ion  g ives  a value lower 
than the  m a x i m u m  ve loc i ty  of Figure 2 .  We have used Marks te in ' s  
g raphica l  method (11) i n  these  ca l cu la t ions  a l s o .  With reference 
t o  the  experimental condi t ions of Figure -2, i f  the  induct ion  time 
was zero  an ordinary-looking shock wave would be obta ined ,  w i t h  
a ve loc i ty  of 1110 meters /sec. ,  a pressure  of 0.75 a t m . ,  and a 
temperature of 1460'K [compared t o  c a l c u l a t e  values  of 880 meters/ 
s e c . ,  0.71 atm and 890 K when no r eac t ion  occur s ) .  The shock vel-  

, o c i t y  of 1110 meters /sec.  would be reached eventua l ly  i n  our exper- 
L~ iment with an induct ion time, i f  the tube were long enough and 

a t t enua t ion  could be neglec ted .  Once t h i s  s teady s i t u a t i o n  was 
reached the pressure  would be uniform from the  shock f r o n t  t o  the  
d r i v e r  gas expansion reg ion .  

When the same type of c a l c u l a t i o n  i s  made f o r  t h e  gas  mixture 
conta in ing  more hydrogen and oxygen, corresponding t o  Figures  4 
and 5 ,  i t  i s  found t h a t  the a i r  d r i v e r  i s  not  capable  of maintain- 
i n g  s u f f i c i e n t  flow ve loc i ty  t o  keep the  pressure  cons tan t  behind 
the  inc ident  shock wave When r eac t ion  occurs .  The f i n a l  s teady 
s t a t e  wave would, therefore ,  have an appearance between a shock and 
an ordinary detonat ion wave, w i t h  some drop i n  p re s su re ,  tempera- 
t u r e  and flow v e l o c i t y  behind the  shock f r o n t .  
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Sam pie Pie ssu r e, Atmospheres 

I 

Figure 1. Inc ident  shock speeds measured between hea t  
t r a n s f e r  gauges 8 and 9 for a gas mixture conta in ing  
&.33$ HZ and 1.88% 02 by volume i n  argon. Driver gas 
17.0 atm. of a i r .  

. .  . 
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SHOCK TUBE STUDY OF THE H+O +ArHO + A r  
REACTION USING A NEW END-O~? TECHN?QUE 

David Gutman and Edward A .  Hardwidge 

Departmeht o f  Chemistry, I l l i n o i s  I n s t i t u t e  
o f  Technology, Chicago, I l l i n o i s  60616 

INTRODUCl I O N  

The r e a c t i o n  H + O2 t M - KO2 + M i s  an important  r a d i c a l  recombination 
s t e p  i n  many gaseous oxlda t ion  r e a c t i o n s  and p l a y s  a p a r t i c u l a r l y  v i t a l  r o l e  
as a chain- terminat ing process  a t  t h e  second l i m i t  o f  t h e  H2-02 r e a c t i o n .  
I n  t h i s  study we have determined t h e  rate cons tan t  of t h i s  r e a c t i o n  f o r  M=Ar  
( k p )  i n  t h e  temperature  range 1125-1370'K. 
twofold: f i r s t ,  t o  o b t a i n  a c c u r a t e  va lues  o f  t h i s  cons tan t  f o r  use  i n  the 
a n a l y s i s  of f u t u r e  shock t u b e  s t u d i e s  of  combustion r e a c t i o n s  (which are most  
o f t e n  s tudied  i n  a high argon d i l u t i o n )  and, second, t o  assess t h e  p o t e n t i a l  
of t h e  "end-on" shock tube technique f o r  s tudying recombination reac t ions .  
Our  experiments c o n s i s t e d  o f  shock-heating H2-02-CO-Ar mixtures and sub- 
sequent ly  monitoring t h e  exponent ia l  growth o f  t h e  0-atom concent ra t ion  during 
t h e  induct ion per iod  of  t h i s  reac t ion .  Values f o r  ky were obta ined  from 
t h e  chain-branching equat ion using t h e  measured exponent ia l  growth cons tan ts  
and known rate cons tan ts .  

The purpose of this s tudy  w a s  

The s i g n i f i c a n t  r e a c t i o n s  during t h e  induct ion  per iod  o f  t h e  H2-02 reac t ion  
R 

k 

1 are: 
H2 + O2 0, 0,  H ,  OH ( 0 )  

H + 0 2  1, O H t O  (1) 

(2)  

( 3 )  -- 

k2 0 + H 2  ---j O H t H  
k 

OH + H2 3, H20 + H - -  

H + 0 2 + M  k4* H 0 2 + M  ( 4 )  

When mixtures  o f  H2 and O2 a r e  suddenly heated,  a shor t  induct ion  per iod 
i s  observed during which t h e r e  i s  a n e g l i g i b l e  d e p l e t i o n  o f  reactants and an 
exponent ia l  r i s e  i n  t h e  concent ra t ion  o f  t h e  cha in  c a r r i e r s  [e.g. [ O ]  = [O]oeat] 
a t  e s s e n t i a l l y  cons tan t  temperature  and pressure .  
have shown t h a t  this exponent ia l  growth cons tan t  u i s  t h e  p o s i t i v e  root  o f  

Kondrat ievl  and o t h e r s  

+he --..-A> _-  
ULLG ryuab,suri 

(1) 
where K1 = k 0 K = k 'H ' K = k LH j and K = k [0 ]. Using l i t e r a t u r e  
va lues  f o r  'kl&j d d  th8'ef&denta?ly2determiked v h u 8 s  f o r  a and [MI, 
Equation (I) vas so lved  f o r  k 4: , 
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I n  order  t o  measure t h e  exponent ia l  growth o f  t h e  0-atom concentrat ion 
during t h e  induct ion per iod ,  H 2 a 2 - C O - A r  mixtures were shock-heated and t h e  
chemiluminescent emission from t h e  0 + CO + CO + hv was monitored. Since 
t h e  emission i n t e n s i t y  i s  propor t iona l  t o  [CO]fO] and s ince  t h e  concentrat ion 
of CO i s  constant  during t h e  induct ion per iod,  t h e  emission will e x h i b i t  t h e  
same exponent ia l  growth as t h e  0-atoms. To o b t a i n  s u f f i c i e n t  emission inten-  
s i t y  f o r  our  induct ion per iod  measurements, we used a s p e c i a l  end-on tech- 
nique, i n  which w e  s tud ied  t h e  reac t ion  behind t h e  r e f l e c t e d  shock wave by 
monitoring t h e  t o t a l  l i g h t  emit ted a x i a l l y  through a 7.6 cm diameter  window 
mounted i n  t h e  end f lange  of  t h e  shock tube.  Under s u i t a b l e  condi t ions ,  t h e  
exponent ia l  growth constant  of  t h e  i n t e g r a t e d  emission observed by t h i s  tech- 
nique i s  i d e n t i c a l  t o  t h a t  f o r  t h e  free r a d i c a l  growth during t h e  induct ion 
per iod.  

The apparatus  and experimental techniques were b a s i c a l l y  t h e  same as 
The those  descr ibed e a r l i e r  and t h e r e f o r e  will only be summarized here .2  

10 cm diameter s t a i n l e s s  s t e e l  shock tube used i n  this study h a s  a 3.96 meter 
long tes t  sec t ion  and a 1 .82  meter long d r i v e r  sec t ion .  
guages used t o  measure t h e  shock v e l o c i t y  are mounted 25.4 em a p a r t  along t h e  
tube ,  t h e  last  one l o c a t e d  15.0 cm from t h e  end of  t h e  shock tube.  The end 
f lange of  t h e  shock tube  was f i t t e d  wi th  a 10 cm diameter and 1 .25  cm t h i c k  
Pyrex g l a s s  d i sk ,  masked on t h e  o u t s i d e  t o  provide a 7.6 c m  diameter  a x i a l  
window. A plano-convex l e n s  ( f o c a l  l e n g t h  57.1 cm, d i m .  8.6 cm) l o c a t e d  
3 cm behind t h e  window focused t h e  l i g h t ,  which i s  emit ted p a r a l l e l  t o  t h e  
axis of t h e  shock tube,  onto a t e l e c e n t r i c  a p e r t u r e  1.9 cm i n  diameter loca ted  
a t  t h e  f o c a l  p o i n t .  
photomul t ip l ie r  tube (S-11 response) loca ted  behind t h e  aper ture .  
o f  t h e  cathode fol lower was d i r e c t e d  t o  a Tektronix 545 osc i l loscope  ( C A  
preampl i f ie r )  f i t t e d  with a Polaro id  camera. 
on t h e  window provided t h e  s i g n a l  t h a t  t r i g g e r e d  a s ingle  sweep of  t h e  
osc i l loscope  upon a r r i v a l  of  t h e  shock wave a t  t h e  end of t h e  tube.  

Five t h i n  film heat  

The l i g h t  i n t e n s i t y  w a s  recorded by am Amperex 150 AVP 
The output  

A t h i n  film h e a t  gauge deposi ted 

A l l  experiments were performed i n  g a s  mixtures  containing 0.50% H2 - 
0.50% O2 - 3.0% CO - 96% A r  wi th  t h e  exception o f  t h r e e  runs made with t h e  
same H2-02 amounts but  with 0.50% CO and 98.5% A r .  The gases  were taken from 
commerical cy l inders  and were p u r i f i e d  by passing them through a D r i e r i t e - f i l l e d  
t r a p  ccoled t o  dry-ice temperature. Two s e t s  of  experiments were performed - 
a high d e n s i t y  s e t  wi th  d e n s i t i e s  i n  t h e  range of  4 .2  - 5.8 x 
and a low dens i ty  set having d e n s i t i e s  between 1.1 - 2.5 x 10-2 moles / l i t e r .  

moles / l i t e r  

DATA REDUCTION 

The shock v e l o c i t y  a t  t h e  end o f  t h e  tube was obtained from ext rapola t ion  
of  t h e  d a t a  from t h e  f i v e  t h i n  film gauges mounted near  t h e  end of  t h e  shock 
tube.  Hugoniot c a l c u l a t i o n s  f o r  condi t ions  of no chemical r e a c t i o n  behind 
both i n c i d e n t  and r e f l e c t e d  shock waves were used t o  determine t h e  temperature 
and concentrat ion condi t ions  i n  each experiment. I n  a l l  experiments, t h e  
v e r t i c a l  def lec t ion  was read from t h e  osci l logram and p l o t t e d  as a func t ion  
of  time on semi-log paper. A s t r a i g h t  l i n e  was hand drawn through t h e  da ta  
p o i n t s  and an experimental time constant  a (sec- l )  was c a l c u l a t e d  f o r  each. 
'The results are l i s t e d  i n  Table  I. 
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Solving Equation I f o r  k w e  obtain 4' 
-8c"-4(k t k  ntk3n)oT2 - 2k2k3n 2 a '  t 2k k k n 2 

1 2  1 2 3  
2 k =  

4[M]ct2 t 2(k2n[M! + k3n[M])n' t k2k3n [ M I  

where ( : I  = c/2[021j and n = [H2]/[02]. 

By using Equation I1 and t h e  experimental ly  determined growth cons tan ts  a ,  
w e  obtained a value f o r  kL f o r  each high d e n s i t y  experiment. 
given i n  t h e  last  column o f  Table  I and a r e  p l o t t e d  i n  Figure 11. 

These va lues  are 

The c a l c u l a t e d  va lues  f o r  k 4  depend s t r o n g l y  on t h e  value assumed f o r  
k l  and o n l y  t o  a minor e x t e n t  on t h e  va lues  used f o r  k2 and k3. T h i s  i s  
because Reaction 1 i s  t h e  slow s t e p  i n  t h e  branching mechanism under our  
experimental condi t ions  and i s  almost r a t e  l i m i t i n g .  To o b t a i n  accura te  and 
s e l f - c o n s i s t e n t  va lues  for icl f o r  o u r  c a l c u l a t i o n s ,  we solved Equation I f o r  
: and v a r i e d  kl u n t i l  t h e  experimental  c values  a t  high temperature and low 
d e n s i t y  (where Reaction 4 i s  unimportant) corresponded t o  t h e  c a l c u l a t e d  value.  
The b e s t  f i t  was with an express ion  k l  = 1 . 2 5  x 1Ol1exp(-14.97 kcal/RT) which 
y i e l d s  va lues  30% higher  than t h e  expression repor ted  by  Gutman and Schot t .2  

were k2 = 2.25 x 101oexp(-lO.O &a /RTf l i t e r / m o l e - s e c 2  and k3 = 6.15 x 10 
exp( -5.90 kcal/RT) l i ter /mole-sec. t  The l i n e s  drawn t f iough t h e  experimental 
p o i n t s  i n  Figure I a r e  s o l u t i o n s  t o  Equation I using: (1) t h e  above va lues  
f o r  k l ,  k?, and k3; (2 )  a smoothed d e n s i t y  func t ion  [ M I  = M(T) obtained from 
t h e  experimenat 
kAr - 6.83 x 1Oi1/T0 -74 ( liter2/mole2-sec) which i s  explained below. [Hereafter L. - units 

The Arrhenius express ions  f o r  k and k used f o r  both t h e  a and kl 

d e n s i t i e s  (one f o r  each l i n e ) ;  and (3)  t h e  expression 

o f  liter2/mole2-sec are implied f o r  k4.1 

'IO o b t a i n  a temperature  dependent func t ion  o f  kL f o r  use i n  t h e  above 
c a l c u l a t i o n s  and a l s o  f o r  use  i n  comparing our  results with o t h e r s  a t  d i f f e r e n t  
temperatures ,  we eva lua ted  t h e  parameters i n  t h e  expression kp = A/Tn by 
j o i n i n g  t h e  poin t  k t r  = 3.75 x lo9 a t  1087OK a t  t h e  low temperature  end of ou 
s tudy with a value of  k p  = 1 2 . 5  x lo9 at 22 OK re o r t e d  by Clyne and Thrush. 5 
The r e s u l t i n g  expression i s  k t r  = 6.83 x lo1 3 /To . E  . 

The e r r o r  limits f o r  o u r  k4 va lues  vary from 230% a t  t h e  low temperature 
end o f  our  s tudy t o  ilOO% a t  t h e  high temperature end. T h i s  change i n  accuracy 
i s  a r e s u l t  of  t h e  decreas ing  e f f e c t  o f  Reaction 4 i n  t h e  branching k i n e t i c s  
a s  t h e  temperature i n c r e a s e s  and t h e  dens i ty  decreases .  
obtained from ass igning  a +20$ o v e r a l l  u n c e r t a i n t y  t o  r:' and a r e  shown as e r r o r  
b a r s  i n  F igure  11. 

temperature  r e s u l t s ,  we have chosen t h e  mean va lue  k$l = 3.75 x 1091iter2/mole2-sec 
a t  108'i0 

These limits were 

Because of  t h e  r a p i d l y  i n c r e a s i n g  limits of  e r r  r toward o u r  higher  

cur best value &id a s s i g n  i L  a n  accuracy o f  230%. 

DISCUSSION x 
t 

The e f f e c t s  of  adding CO t o  t h e  H 2 - 0 2  system were discussed previously.2 
However, i n  t h i s  s tudy an a d d i t i o n a l  cons idera t ion  i important due to  t h e  
high d e n s i t i e s  used here .  The r e a c t i o n  0 + CO + M + $5 C02 t M, a l though slow, L 

i 
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t 
L 

c 

1 

i 

was taken i n t o  account. 
cubic equation w a 8  obtained f o r  a, w i c h  i n  t u r n  was solved f o r  k4 . Using 
a value of 1 x 10 liter2/mole2-sec,k, t h e r e  was a n e g l i g i b l e  change i n  t h e  
ca lcu la ted  k4. We performed four  experiments with 0.5% CO and obtained from 
t h e s e  experiments ca lcu la ted  k4 values  i n  agreement with t h e  o t h e r s  performed 
with mixtures containing 3% C O .  

recent ly  reported by Getzinger and Blair.7 
2.5 x lo9 i n  t h e  temperature range 1500-1700°K. 
t h e i r  temperature range, we c a l c u l a t e  va lues  10-20% higher  than t h e i r s .  
va lues  f o r  k 4 ,  e s p e c i a l l y  for k t 2 ,  have been repor ted  near  800°K based on 
explosion-l imit  s tud iesR 
and repor t  va lues  f o r  k42 near  8 x 109 liter2/mole-sec. '  Converting these  
t a a lue  f o r  khr g ives  1.4 x lo9 (assuming t h e  p r e s e n t l y  accept  d r a t i o  

e h r a h a t i o n  i o f f e r e d  a t  t i$ t i m e  t o  account f o r  t h i s  l a r g e  discrepancy. 

flame s t u d i e s  near  13500K.9 I f  t h i s  value i s  ad jus ted  t o  give a value f o r  
k t r  using k?Z0/k 

e r r o r  l i m i t s  a r e  r a t h e r  l a r g e  and t h e  cor rec t ion  f o r  t h e  r e l a t i v e  e f f i c i e n c y  
o f  water i s  somewhat uncer ta in .  

I t  was added t o  t h e  k i n e t i c  mechanism anfra new 

A r  Our r e s u l t s  a r e  v i r t u a l l y  i n  complete agreement with t h e  value f o r  k4 
They r e p o r t  a value of kAr = 4 Extrapolat ing our  value i o  

Other 

These s t u d i e s  are i n  f a i r  agr  ement with one another  

k'2 ,Iir 5 ) .  A t  800°K our  kAr expression g i v e s  t h e  value 6 x 10 8 . No 

A value f o r  k$2' = 100 x 10 4 has been repor ted  by Fenimore and Jones f r o m  

ment with our k$ $ curve  The agreement might w e l l  be f o r t u i t o u s ,  s ince  t h e i r  
= 20, it y i e l d s  a value somewhat higher  but  i n  good agree- 

CONCLUSIONS 

The end-on technique provides  a means of  making measurements during 
the induct ion 9er iod  of  chain-branching r e a c t i o n s .  Since during t h i s  per iod 
r a d i c a l  concent ra t ions  a r e  low, only  those react ions.  which have a s i n g l e  
r a d i c a l  r e a c t a n t  have an apprec iab le  r a t e .  Hence. t h i s  technique al lows 
one t o  study combustion processes  unperturbed by r a d i c a l - r a d i c a l  reac t ions .  
I n  t h e  case o f  H2 t 0 
va lues  for k l .  k2. an2 k4. I n  o t h e r  systems where t h e  mechanism i s  not  
c l e a r l y  understood. measurements o f  t h e  chain-branching c o e f f i c i e n t  under 
a v a r i e t y  o f  i n i t i a l  condi t ions  could help t o  i d e n t i f y  t h e  important  reac t ions .  

reac t ion ,  use of  t h e  end-on technique has  r e s u l t e d  i n  
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Table I - 
Experimental Results of induction period emission experiments 
%, = 0.0050; % = 0.0050; xc0 = 0.030; XAr = 0.960 

2 
Low Density Experiments 

8 KAr x 10-l' u '  x 10 
O T  (l$ter2/mole2-sec) I sec-1) ( mole/l i  t e r )  (liter/mole-sec) ( K )  

1.U 1.096 13.300 2040 
1.48 1.096 13.500 2040 
1.40 1.152 12.130 2000 
1.38 1.204 11.140 1943 
1 . 1 5  1.298 8.860 1793 
9.8 1.271, 7.700 - 1750 
1.01 1.382 7.310 170 5 
0.728 1.238 5.890 1655 
0.836 1.528 5.490 1613 
0.920 1.466 5.280 1608 
0.921 1.584 5.820 1600 
0.808 1.510 5.350 1577 
0.783 1.510 5.180 1576 
0.813 1.498 5.430 1555 
0.705 i.650 4.270 151; 
0. Ti02 1.740 4.040 1465 
0.562 1.614 3.480 1455 
0. LO2 1.840 3.300 1440 
0.511 1.408 3.180 1437 
0.527 1.744 3.020 1395 
0 * 434 1.856 2.220 1355 
0.4l8 2.024 2.060 1325 
0.391 1.880 2.080 1296 

:MI x lo2 
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Low 1. -  'Density Experiments .- " I ?  

a x 1.9-5 [MI x lo2 a t  x 10 T KAr x lolo 

0.339 2.040 1.660 1296 
0.359 2.020 1.780 ,1280 
0.333 2.080 1.600 1270 
0.250 2.138 1.170 1220 
0.2!+0 7.080 1.150 1192 
0.206 2.070 1.000 1182 
0.218 2.200 0.990 1173 
0.202 2.000 1.010 1160 
0.159 7.260 0.702 1130 
0.160 7.040 I ,  0.783 1110 
0.150 2.420 0.620 110 5 
0.160 2 . 0 0  , 0.673 1100 
0.142 2.120 0.670 1100 
0.150 2.536 0.592 1060 

8 

sec ) (mole/liter) (liter/mole-sec) (OK) ( 14ter2/mole2-sec) 

Hinh Density Experiments 
1.035 4.75 2.180 1370 0.419 
1.065 4.59 2.320 1370 0.337 
0.885 4.75 1.865 1295 0.173 
0.561 5.30 1.060 1260 0.458 
0.522 5.44 0.960 1220 0.334 
0.338 5.52 0.610 1700 0.453 
0.404 5.56 0.727 1180 0.307 
0.768 5.80 0.462 117 5 0.511 
0.383 5.54 0.690 117 5 0 ;309 

0.198 5.77 0.343 1 1 5 5  0.423 
0.163 5.83 0.279 1175 0.362 
0.113 5.92 0.191 1130 0.422 

V0.832 5.22 1.590 1285 0.270 
*0.381 5.42 0.700 1185 0.346 
"0.284 5.67 0.501 1166 0.380 
*0.186 5.81 0.320 1135 0.371 

0.279 5.59 0.529 1160 0 - 404 

* Experiments performed with: lk, = 0.0050; % = 0.0050; xc0 = 0.005; XAr = 0.985 
2 
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SHOCK FRONT STRUCTURE - A CHEMICAL KINETICS VIEW 

S. H. Bauer 

Department of Chemistry, Cornell University, Ithaca, New York 14850 

INTRODUCTION 

In the analysis of shock front structures in real gases, intermolecular proc- 
esses which fall within the province of chemical kineticists play a dominant role. 
The determination of shock front profiles in density, temperature and in the con- 
centrations of chemical species, provide kineticists with powerful techniques f o r  
exploring mechanisms for reactions which cannot be studied otherwise. This has 
been recognized for over a decade. Advances made in the state of the art through 
1963 can be measured by the content of an 850-page treatise on shock tubes by 
H. Oertel(l), which covers theory, practice and applications in a detailed and 
thorough manner. More recent assessments may be obtained from the 94 abstracts 
of papers which were submitted f o r  presentation at the 6th International Shock 
Tube Symposium !2) and the 37 reports given at the AGARD Colloquium on "Recent 
Advances in Aerothermochemistry. " (3) 

In this summary attention is called to several developments which have advanced 
the "state of the art" during the past year. 
there is continued emphasis on the improvement of experimental techniques. These 
center around cleanliness of operation (good vacuum technique, insistence on low 
leak rates, etc.), the use of polished inner walls to reduce boundary layer 
perturbations, improved control of species concentrations, increased precision in 
shock speed measurements, refinement in sensitivity and reduction of response 
times for diagnostic devices used in recording the profiles of shock fronts, etc. 
In addition there is greater sophistication in the design of experiments. The 
improvements may be categorized into three groups: (1) use is being made of newly 
available devices, such as lasers; (2 )  it is now general practice to record in 
many channels concurrently, such as the mass spectra of several species, the con- 
current recording of emission and absorption spectra at different wavelengths 6 s  
3 function of time; (3) combining shock tube techniques with other techniques f o r  
the preparation of samples to be studied; for example, preliminary flash photolysis 
o r  imposition of a glow discharge through the sample prior to its being exposed to 
the shock wave. Along with increased sophistication in the performance of experi- 
ments, extended computer programs are used routinely, both for equilibrium com- 
positions and f o r  obtaining kinetic profiles; also, to facilitate data reduction. 

These trends will continue because they have already proved their worth, but 

A brief overall assessment shows that 

they occur at the expense of increased complexity in equipment, leading inevitably 
to the need for collaboration among several persons in operating a facility. What 
remains for the lone experimenter? It appears to me that for some time to come the 
single-pulse shock tube technique will remain one of a few individualistic activities. 
The investigator will have to be ingenious in designing kinetic experiments in which 
knowledge of the concentrations of species after a specified reaction time permits 
an identification of a mechanism. Single-pulse shock tubes allow the exploration of 
complex systems in a qualitative manner, and provide the basis for  selecting reactions 
which are critical steps in a complex reaction scheme for detailed study by other 
techniques. 
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TECHTUQUES AND DIAGNOSTIC DEVICES 

A r e p r e s e n t a t i v e  s e l e c t i o n  of i n t e r e s t i n g  developments i n  technique is 
presented  i n  Table 1. The use  of  narrow e l e c t r o n  .beams for .  e x c i t i n g  molecular 
s p e c t r a  i n  a flowing medium m e r i t s  an a d d i t i o n a l  comment. The c h a r a c t e r i s t i c  
s p e c t r a  exc i t ed  permit i d e n t i f i c a t i o n  of t he  s p e c i e s  p r e s e n t ,  and an  e s t ima t ion  
of t h e i r  d e n s i t i e s  ( i f  p roper  c a l i b r a t i o n s  a r e  made). V ib ra t iona l  and r o t a t i o n a l  
temperatures can be obta ined  from band contours .  In t h e  hands of a c a r e f u l  experi- 
m e n t a l i s t ,  t h i s  technique may g ive  t r a n s l a t i o n a l  speeds a s  w e l l  (Doppler widths of 
s p e c t r a l  l i n e s ) .  For example, i n  a sup@yonic je t  of n i t rogen  expanding from room 
temperature i n  an axi-symmetric nozz le ,  t he  r o t a t i o n a l  tempera ture  was observed 
to fo l low t h e  i s e n t r o p i c  c u r v e  i n i t i a l l y ,  but a t  t h e  lower temperatures t h e  
r o t a t i o n a l  population " f roze"  t o  a f ixed  d i s t r i b u t i o n  l ead ing  t o  a s u b s t a n t i a l  
degree  of non-equilibrium. 

Perhaps one of  t h e  m o s t  s e n s i t i v e  dev ices  f o r  measuring g r a d i e n t s  a t  a shock 

Gradien ts  a s  l o w  a s  loe5 gd l i te r  mm can be de t ec t ed  i n  argon, and 
f r o n t  wi th  h igh  r e s o l u t i o n  is  the  l a s e r s c h l i e r i e n  method descr ibed  by Kie f fe r  
and Lutz.(") 
c h a r a c t e r i s t i c  times ( l a b  s c a l e )  a s  s h o r t  a s  0 . 2 ~  sec. have been measured. 
V ib ra t iona l  r e l a x a t i o n  t i m e s  f o r  hydrogen and deuterium have thus  been q u a n t i t a t i v e l y  
determined for t he  f i r s t  t ime.  Th i s  technique h a s  been e f f e c t i v e l y  used t o  scan 
t h e  h e a t  r e l e a s e  p r o f i l e  d u r i n g  the  high temperature ox ida t ion  of ace ty l ene ,  (12) 

The bes t  i l l u s t r a t i o n  of concurrent multichannel record ing  t o  provide a l a r g e  
amount of information f o r  a s i n g l e  shock, and thus  t o  c o r r e l a t e  a v a r i e t y  of 
parameters ,  is the  use of a rapid-scan mass spec t rometer .  A t ime-of - f l igh t  
spec t rometer  cou l e d  to a shock tube  v ia  a minute l eak  has  been descr ibed  by 
Kistiakowsky, (13' Dove,(14) D i e s e n ( 1 5 x n d  Modica. (16) 
of a quadruple mass f i l t e r  f o r  t h e  a n a l y s i s  of products  e x t r a c t e d  from a back- 
r e f l e c t e d  shock has been r e c e n t l y  repor ted  by Gutman. (17) As descr ibed  t h i s  
r e l a t i v e l y  l o w  c o s t  ins t rument  could be set to record  only  one mass a t  a time; 
however, c u r r e n t  developments i n  Gutman's l abora to ry  i n d i c a t e  t h a t  i t  may be 
poss ib l e  t o  s e t  f o u r  mass f i l t e r s  f o r  concurren t  record ing .  The f i d e l i t y  of 
sampling of back-ref lected shocked gases  through 0.002 inch  a p e r t u r e s  remains t o  
be demonstrated. To avoid confus ion  of t h e  d e s i r e d  sample wi th  end-wall cooled 
gases  and boundary l a y e r  p e r t u r b a t i o n s ,  Marsters(") e x t r a c t s  t h e  sample from a 
r a p i d l y  quenched i n c i d e n t  shock and by a sequence of  l a r g e  a p e r t u r e  nozz les  con- 
v e r t s  t h e  j e t  t o  a molecular  beam f o r  a n a l y s i s  by a t ime-of - f l igh t  spec t rometer .  

The success fu l  app l i ca t ion  

There is an i n t r i g u i n g  p o s s i b i l i t y  of us ing  a small mass spec t rometer  to  de tec t  
t h e  o n s e t  of i o n i z a t i o n  ( i n  p a r t i c u l a r ,  t h e  o n s e t  of production of a p a r t i c u l a r  
s p e c i e s )  and c o r r e l a t i n g  t h i s  p r o f i l e  with spec t roscop ic  d a t a  (chemiluminescence, 
or the  appearance of  a c h a r a c t e r i s t i c  abso rp t ion ) .  In  this  connection one should 
mention t h e  success fu l  a p p l i c a t i o n  of a N i e r t y p e  mass spec t rometer  by Sturtevant(l ' )  
who demonstrated t h a t  t h e  f i r s t  i ons  t o  appear i n  shock-heated argon, a t  a threshold 
approximately four  v o l t s  below t h e  i o n i z a t i o n  p o t e n t i a l  of argon,  were €€+ and O+, 
presumably from a very l o w  l e v e l  wa te r  impur i ty .  

The technique of  p repa r ing  equ i l ib r ium samples a t  e l eva ted  temperatures ( a s  w i t h  
ref lected s h c ~ k s )  and queiiiiiing them so r a p i a l y  t h a t  one may s tudy  k i n e t i c  processes 
which occur  dur ing  the  c o o l i n g  pa th  h a s  not  a t t r a c t e d  many devotees ,  although 
expansion through a smal l  a p e r t u r e  i n  the  end wa l l  of a shock tube f o r  sampling 
purposes is being used by mass s p e c t r o m e t r i s t s .  To avoid boundary l a y e r  problems 
and to achieve  very r a p i d  c o o l i n g ,  Wilson(") i n s e r t e d  a p a i r  of d ivergent  a i r f o i l s  
i n  a shock tube ,  s o a a t  the  i n c i d e n t  shock passed through a double Prandtl-Yeyer 
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expansion. 
oxygen atoms at elevated temperatures, and is currently being'developed in our 
laboratory for investigating condensation processes in metal vapors produced under 
supersaturated conditions by shock-heating metal carbonyls. 
by the interaction of the contact surface with the reflected shock was used for a 
kinetics study of the ass ciation of CN radicals.prepared by shock-heating C2NZ/Ar 
mixtures to about 2 0 0 0 ° ,  
It was found that the rate of CN disappearance was first order in CN and first order 
in C N 
tion2 ,2m 29 10. Finally, a rapid-quench sampling probe for 'non-equilibrium air flows 
has been described by Stoddard and Watt(22) in which a small sample scooped from the 
free stream region in a shock tunnel is rapidly cooled by contact with the walls of 
an explosively sealed probe, 

This setup was used effectively for measuring the recombination rate of 

%e expansion generated 

the CN concentration was followed spectrophotometrically. 

(or CmNm polymers), and that the average polymer number under these condi- 

An example of interesting results obtained from use of combined techniques is 
the. glow tube described by Hartunian, et(23) in which a steady-state concentra- 
tion of reactive species is prepared in a glow-discharge flow system,.and fully 
characterized (at room temperature). The plasma is then subjected to a shock, 
initiated by rupture of a diaphragm upstream from the rf source. Typically, the 
shock strength is less than that which causes further dissociation; the shock 
compresses, heats and accelerates those species which are already present in the 
glow tube. Thus, a means is provided for studying the temperature dependence of 
the gas phase recombination processes and of chemiluminescent reactions. This 
combination provides a considerable extension of atom fluxes for study of kinetic 
processes. In contrast to heating with shock waves, Petrella describe 
a combination flash photolysis-flash pyrolysis system in which heating is 
accomplished by the comparatively slower process of allowing the gaseous sample to 
contact a flash-heated solid grid. 

References to several current analyses on the non-ideal behavior of shock tube 
operation are listed in Table 11, while Table I11 is a summary of papers in which 
the measurement of ionization cross-sections and of optical oscillator strengths 
are discussed. 

MEASURElYIENT AND CONTROL OF VIBRATIONAL STATE POPULATIONS 

During the past two years much effort has been devoted to the study of the 
excitation of vibrational modes due to intra- and inter-molecular energy transfer 
processes. For many decades it has been accepted by kineticists that the measured 
reaction rate constants depend on the facility for energy transfer between the 
various parts of reacting molecules when in the transition state. The mere 
difficulty of properly estimating the density and symmetry character of the highly 
excited states even in simple systems, led to an attitude of futility, as expressed 
by the observation that there seems to be little relation between the states of 
interest to chemical kineticists and the transition probabilities measured for 
low-lying vibrational states. 
the measured rate constants may be calculated from measured vibrational relaxation 
times. The basis for the current activity is in part due to the recognition of 
the presence of strong coupling between vibrational modes and dissociation, and in 
part to the current explosive development in laser technology. 

However, several examples are now known for which 

It has been known for several years that vibrational relaxation times for small 
molecules containing hydrogen atmos are much shorter than those predicted on the 
basis of the Slawsky-Schwartz-Herzfeld theory, and the observed relaxation times did 
not fit the correlation diagram proposed by Millikan and White. For example, the . 
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vibrational relaxation times for HC.f?, DCJ and HI measured by the spectrophone 
method(43) (at room temperature) are consistent with the high temperature data 
(infrared emission from shocked gases at z ! O O O " ) ( ~ ~ )  in that the relaxation times 
were several orders of magnitude shorter than those predicted by the SSH theory. 
They are in better agreement with Cottrell's vibration-rotation theor~(~5). That 
rotational motion plays a role in exciting vibrational states was demonstrated by 
Millika~~(~') who measured the relative rates of collisional deactivation of 
vibrationally excited CO by ortho and para hydrogen. Another example of the 
inadequacy of the SSH theory are the vibrational relaxation times for H2-Ar, 
H2-H2,  D - A r ,  D -D  These data are better 
accountei for by Parker's semi-classical theory(47) with an angle-dependent 
potential used for calculating both rotational and vibrational relaxation times. 
Even though there is agreement for collision numbers with argon and krypton as 
collision partners, there remains an order of magnitude disagreement for self 
collisions of H2 and D2. 
rotational-vibrational interactions and resonance collisions was given by R C. 
Millikan;(48) a simple two-parameter model was developed by C. B .  Moore.(4gj 

reported by Kiefer and Lutz'"). 
2 2  

A good summary of relaxation processes involving 

2 The relaxation of NO X l7 (v = 1) in D2S, H 0, Q S ,  D 2 0  and CH4 was investi- 
gated by microwave-flash pulse-flash spectroscopy. (50? Deactivation by all the 
hydrides was very fast compared with the rate of self deactivation. The rate co- 
efficient showed a systematic variation with the minimum energy which had to be 
converted to translation. The authors propose that the uniformly fast relaxation 
by the triatomic hydrides may arise from the formation of an intermediate complex 
between NO and the H S or H 2 0 .  However, this does not account for the effect 
of isotopic substitution. For comparison, helium is$+jO.l as effective as NO, 
which in turn is%O.Ol as effective as H2S. 

The vibrational.relaxation of oxygen in the presence of small amounts of 
me thane (0.5% to 1.6%) was measured at room temperature by ultrasonic techniques. (51) 
The relaxation frequency did not vary linearly with the methane concentration. It 
appears that translation-vibration excitation occurs only for methane, but that 
oxygen molecules become excited only by vibration-vibration transfer from the 
methane. 
quenching of carbon monoxide fluorescence by methane. (48p In contrast, for nitrogen- 
hydrogen mixtures (&2% Ha) White(52) 
fitted their systematical correlation diagram. 

2 

2 

A similar mechanism for energy transfer was re orted by Millikan in the 

found that the vibrational relaxation time 

The density profile at the shock front due to vibration relaxation in oxygen- 
was explored with the laser-schlierien technique, in pure oxygen and in oxygen-ozone 
mixtures. (53~54) Kiefer and Lutz report: 

p.i 

" T < ~ 2 - ~  j 

= (2. 92 i 0.20) x 

I- !-1.35 * 0. 19) x i 0  - 17 ,75  0.81) r. 10 T, atm. sec. 

exp [(I%. 0 rt.0. 4,i.T1'3], atm. sec. 
-12 (02-@2j  

.. 3 

The latter is the deduced value for oxygen molecules 
atom. 
effect, possibly similar to those previously suggested for the CO2-H2O system and 
C0-Cl2 systems, but more likely due to atom exchange: (55) 

dilute in an atmosphere of 
Tnase cieariy differing temperature dependencies indicate a strong chemical 

o2 + O ' + O  + 00'. 
Measurement of the vibrational relaxation times in nitrogen presents an 

interesting case history. Sodium-spectrum line-reversal measurements for N2 in 
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normal shocks gave vibrational relaxation times which checked well with inter- 
ferometershock tube investigations, (Extrapolati,on to temperatures below 1500°K 
gives Values which are orders of magnitude higher than sound dispersion and impact 
tube results.) However, when the line reversal technique was used to scan the 
vibrational non-equilibrium produced in supersonic expansions of undissociated 
nitrogen from reservoir temperatures 2800-4600’K (15’ axi-symnietric nozzle, coupled 
to the end of a shock tube), the probability fo r  de-excitation appeared to be 

* 5 0  times greater.(56) This short relaxation time has now been confirmed by 
following the CO vibrational relaxation (introduced as a tracer in the expanding 
nitrogen stream), and by the electron beam techngque in a low density non-steady 
expansion. For a while it was believed that the rapid relaxation,was d e to 
impurities present in the reservoir.gas, but this was proven untenable ‘57) A 
plausible explanation has now been proposed by Treanor and coworkers. (”) 
point out that inadequate consideration has been given to effects of anharmonicity 
on vibrational relaxation for vibration-vibration exchange dominated regimes. 
When the translation temperature is quite low and the vibrational energy content 
is high (as in a rapidly expanding nozzle flow) vibration-vibration exchange 
introduces a slight but definite non-Boltzmannian vibrational population distri- 
bution. In such a case the population of the lowest vibrational level may be 
considerably lower than what it would be if the system were to relax through a 
sequence of Boltzmann distributions, thus indicating an apparent rapid relaxation 
time. Current experiments at CAL on the vibration relaxation in expanding nozzle 
flows for CO parallel the above observations reported f o r  nitrogen. It is 
interesting to note that for the ascending path, i.e., the vibrational excitation 
of nitrogen, as fo lowed by monitoring the v”=9 level (U.V. absorption at 1176A), 
the recorded timest5’) are consistent with the Shuler-Rubin-Montroll theory that 
the populations of vibrational levels relax via a continuous sequence of 
Boltzmann distributions (3000°-55000K). For temperatures in excess of 5500°K, 
the local value for the characteristic relaxation time ($) becomes increasingly 
dependent on the degree of vibrational excitation. 

They 

A large amount of attention is currently being devoted to studies of the 
vibrational relaxation processes that occur in carbon dioxide. One must consider 
not only intermolecular energy exchange (V-T) and (V-V) with various colliders for 
C02 molecules in its different vibrational states, but also vibrational energy 
redistribution in C02 molecules due to collisions with ambient gases. To date 
ultrasonic dispersion studies have uncovered only three gases which show two 
dispersion frequencies: SOz, CI$CJ,, and CzH6. Many shock tube investigations 
have shown that the vibration-translation relaxation in C02 follows a single 
relaxation time. On the basis of careful measurements of the variation of density 
behind incidenF6@ock waves in carbon dioxide, up to temperatures 2500°K, 
Simpson, report that only a single relaxation time is discernable even 
though the density behind the shock front does not change strictly exponentially 
with distance; the departure is due to changes in the translational temperature 
which must accom any the relaxation process. A similar conclusion was reached by 
Weaner, who made simultaneous measurements of the f l o w  density with a 
Mach-Zehnder interferometer at the shock front and of the infrared emission at 
4 . 3 ~ ”  While the emission intensity monitored the population of the93 level, the 
density provided a measure of the energy flow into all the vibrational modes. The 
single relaxation time was thus interpreted as evidence that equilibrium among all 
the vibrational modes was attained within the rise.time of their detector (1.5CIsec). 
However, the situation gets more complicated when one considers (V-V) energy 
transfer. 

Moore and coworkers(62) measured decay curves of laserexcited vibrational fluorescence 
from the (00’1) level of C02 (asym. stretch), as dependent on the admixed gases. H e  
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deduced (V-V) t r a n s f e r  r a t e s  a t  room temperature which ranged from 15 .5  atm-psec 
f o r  H e  a s  a c o l l i s i o n  p a r t n e r ,  to 3.76 ( s e l f ) ,  to 0.34 (H2) t o  0.055 (H20). 
son ic  da t a  g ive  r e l a x a t i o n  t i m e s  f o r  t h e  (01'0) l e v e l  (V-T). 
f o r  s e l f  c o l l i s i o n ,  C02 6 . 8  2 .3 a tm-kec ;  w i t h  H e  (0.39), H2 (0.015) and H20 
(0.0030). They a l s o  deduced t h e  energy t r a n s f e r  p r o b a b i l i t y  f o r  t he  r e a c t i o n .  

C02 (OOol )  + N Z ( 0 ) - +  C02 (OOOO) + N2(1) 

U l t r a -  
Corresponding va lues ,  

t o  be (2.0 _+ .4) x The s i g n i f i c a n t  c a t a l y t i c  r o l e  of water f o r  C02 l a s e r  
ope ra t ion  is now ev iden t  
shock tube m e a ~ u r e m e n t s ( 6 ~ )  with very s h o r t  response time d e t e c t o r s  show corn a rab le  
d i f f e r e n c e s  between t h e  s e v e r a l  r e l a x a t i o n  processes .  Taylor and bitter ma^^''^) 
have prepared an exhaus t ive  survey of  v i b r a t i o n a l  r e l a x a t i o n  da ta  f o r  processes 
important i n  the  C02-N2 l a s e r  system. 
a s  deduced from u l t r a s o n i c  measurements has  been published by Lambert. (c5) 

A t  e leva ted  temperatures over  t h e  range 800 t o  3000'K 

A b r i e f  review on (V-V) t r a n s f e r  e f f i c i e n c i e s  

UNSOLVED PROBLEMS I N  THE DISSOCIATION OF SMALL MOLECULES 

One of the  b a s i c  problems i n  chemical k i n e t i c s  is t he  d e t a i l e d  a n a l y s i s  of the 
processes  which occur when i n  diatomic molecules a r e  d i s s o c i a t e d  thermal ly  but 
homogeneously. Although a q u a l i t a t i v e  d e s c r i p t i o n  has  been given decades ago, i t  
was not  poss ib l e  to  perform t h e  experiments nor  t o  test d e t a i l s  of t he  theory u n t i l  
t he  advent of  shock tube  techniques .  One of t he  e s s e n t i a l  f e a t u r e s  requi red  is the 
p o s s i b i l i t y  t o  s e p a r a t e  i n  t i m e  the  v i b r a t i o n a l  e x c i t a t i o n  processes  from the  
d i s s o c i a t i o n  s t e p s .  I t  is now evident  t h a t  convent iona l  k i n e t i c  d e s c r i p t i o n s  a re  
not  adequate.  For example: The d i s s o c i a t i o n  r a t e  of very pure hydrogen a t  low 
concen t r a t ions  i n  argon (O.Ol%-l.ock) has  been measured by Watt and Myerson(66) using 
atomic absorp t ion  spectrophotometry (Lymandl ine) .  An Arrhenius p l o t  f o r  the 
bimolecular r a t e  cons t an t  g i v e s  an  a c t i v a t i o n  energy of 94.5 kca l  over t h e  t e m -  
pe ra tu re  range 2200'K. These r a t e s  a r e  approximately a f a c t o r  of f i v e  lower than 
r a t e s  repor ted  by previous  i n v e s t i g a t o r s ,  presumably because t h e i r  samples were 
contaminated with s l i g h t  amounts of oxygen which acce le ra t ed  t h e  d i s s o c i a t i o n  r a t e  
through the  r e a c t i o n . 8  + 0 2 + O H  + 0, followed by 0 + H2'*OH + H. For c o n t r a s t  
Hurle repor ted  about a year  h i s  s t u d i e s  of d i s s o c i a t i o n  r a t e s  i n  hydrogen- 
argon mixtures  (20% t o  60% H ) covering t h e  temperature range 2500' t o  7000°K, 
based on the  Na-spectrum l i n e - r e v e r s a l  technique f o r  temperature measurement. He 
then deduced degrees of d i s s o c i a t i o n  a s  a func t ion  of  time (or d i s t a n c e  behind the 
shock f r o n t ) ,  and was a b l e  t o  a s s ign  r e l a t i v e  e f f i c i e n c i e s  t o  A r ,  €I2, and B atoms a s  
c o l l i d e r s :  When h i s  r e s u l t s  w e r e  converted to recombination r a t e  cons t an t s  i t  
appears t h a t  H2 is s e v e r a l  t imes more e f f i c i e n t  than argon a s  a chaperon f o r  t he  2H-b 
H 
ZdH H atoms a s  chaperons appea r s  t o  be equal  t o  t h a t  of li 
5500'K but  a s  the  temperature is lowered t h e  e f f i c i e n c y  rises sha rp ly  and a t  3000" 
i s  about 30 times g r e a t e r  than  t h a t  f o r  K 2 .  
f o r  temperatures below 2500'K t he  e f f i c i e n c y  drops  aga in  and t h e  room temperature 
H atoms may be only t h r e e  t i m e s  a s  e f f e c t i v e  a s  

2 

recombination but bo th  show an approximate T-l dependence. However, t h e  e f f i c i e n c y  
f o r  tempera tures  above 2 

Furthermore,  t h e r e  a r e  i n d i c a t i o n s  tha t  

3. 
.." ine io i iowing  obse rva t ions  are i y p i c a i  vi m u s t  ui the hviiiuaiumic diatoiii 

d i s s o c i a t i o n  processes . (W) I n  a l l  cases  the  s e l f  atom is much more e f f i c i e n t  
f o r  t he  d i s s o c i a t i o n - a s s o c i a t i o n  s t e p s  as  a chaperon than is t h e  molecule or an 
i n e r t  gas .  That is no t  s u r p r i s i n g  s i n c e  t h e r e  a r e  s t r o n g  i n d i c a t i o n s  t h a t  t he  
v i b r a t i o n a l  e x c i t a t i o n  e f f i c i e n c  of t h e  s e l f  atom a s  a c o l l i d e r  is g r e a t e r  than 
of any o t h e r  molecular s p e c i e s .  w4155)  However, i t  is d i f f i c u l t  t o  expla in  t h e  
observed temperature dependence of  t h e  atom-chaperon r a t e  cons t an t s ;  they do no t  
f i t  i n t o  t h e  scheme propoaed by Keck under the  " v a r i a t i o n a l  theory of r eac t ion  
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rates."(69) 
boundary conditions for the theories which will be developed; in this instance, 
data on deuterium are needed to check the effect of mass (possible tunnelling). 

I believe it is essential for the experimentalists to provide 

Recent publications describing dissociation rate studies of various diatoms 
are listed in Table IV. Inspection of such data shows that for the homatomic 
diatoms, simple Arrhenius plots gives lines with a slope for effective activation 
energies which are 7 to 10 kcal lower than the spectroscopic values. This is 
believed to be due to a statistical factor, i.e., the depletion of the upper 
vibrational states due to the slowness of the recombination reaction (3 body) 
such that their populations fall below the Boltzmann value calculated for the 
ambient translational temperature. This explanation is clearly not adequate to 
account for the'much larger departures between the effective activation energies 
deduced from Arrhenius plots and the spectroscopic Do's for the hydrides HF, HCB, 
and EL!. The dissociation rate of HF in shock waves has been studied in two 
laboratories. 
fitted by least squares, the bimolecular rate constant was well represented by kd = 1014. 14 
kd = 101*.16 exp(-113,700/RT). 
followed the rate of reaction by recording the IR emission intensity behind 
incident shocks while Spinnler looked at absorption behind reflected shocks. A 
larger discrepancy has been re orted for HCa and LC.8 by Jacobs and coworkers(78) 
and confirmed by Fishb~rne.(~'~ The observed apparent activation energy is 70 
kcal for both gases while the spectroscopic values are 102 for HCI and 103 for 
DCe. 
a T1 or T2 pre-exponential factor, when the resulting coefficient has a magnitude 
of over 1021 in units of cm3 mole-1 sec-1. 

When the data published by Jacobs et(76) were replotted and 

exp(-108,600/RT), cm31nole-~sec-~. Independently Spinnler (77) found 
The close agreement is striking, since Jacobs 

It does not make sense to try to force these data to a rate expression with 

In summary, considerable progress has been made in formulating an appropriate 
statistical mechanics for a dissociation reaction in a thermal bath, in which 
cognizance is taken of the departure from Boltzmann distribution in the upper 
vibrational levels. ( 8 ' )  
tion probabilities for molecular encounters which produce dissociation. No 
explorations have been undertaken of the sensitivity of such probabilities @the skpeuf 
the interaction potentials but it is established experimentally that diatoms are 
specially sensitive to the self atoms as colliders. 

Virtually no progress has been made in calculating transi- 

THE HOMOGENEOUS PYROLYSIS OF POLYATOMIC MOLECULES 

While the theoretical underpinnings of current collision theories for diatom 
dissociations are of dubious dependability, there are even more questions regarding 
the interpretation of rate data for triatomic fragmentations. The minimum activation 
energy anticipated for the first step is the thermochemical value minus some cor- 
rection for the depletion effect due to depopulation of the upper vibrational 
levels. 
the corresponding A E ~ ,  in full agreement with results obtained by conventional 
kinetics; there are several systems in which EA was slightly less thanAE;,oas 
expected, but there are a disturbing number of studies which led to E A e A  ET by 
25-50 kcal/mole. 

Shock tube data for one case (N2O) gave an EA value which was greater than 
0 

The molecule which has been subjected to the most intensive investigation has 
been nitrous oxide. The homogeneous unimolecular decomposition (high dilution in 
argon) was studied in both the low and high pressure regimes. Shock temperatures 
were 1300' to 2500DK, and pressures between 0.8 and 300 atm (concentration range 
5 x 10-6-2 x 
compression and the overall results may be summarized in the following 
-quations: 

mol s per liter)(81) This pyrolysis was also studied in an adiabatic 
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11.1  -1 [High pressure limit: 10 exp(-59,5OO/RT), sec J 

N20 + 0 --F k2 2 NO k3/kz 3 f 1 

N , O + O - - - - r N  kg +'02 ( k 2 + k  ! ~ ( 2 . 4 f 0 . 8 ) x 1 0 1 ~ c m  3 mole -1 sec -1 

L 2 3 at 1800%. 

The pyrolysis of the N 0 was also studied with a shock tube leaking into a 
quadruple mass filter.ql7) 

At the AQARD Colloquium, Troe and Wagner(") proposed a general treatment 
for the dissociation of small molecules, as a semi-quantum mechanical extension Of 
unimolecular reaction rate theory. They considered both tri- and tetra-atomics 
and divided the former into two groups, those which follow spin-allowed dissocia- 
tions and those which require a net change in spin. The latter include N 0, CS2, 

first step in the decomposition of 0.001% CS in argon was observed, completely 
isolated from the consecutive reaction S + Cg2+ CS + S2, using a W absorption 
technique. They also studied the rate of dissociation of SO2 at concentrations 
below 0.3% in Ar, and of very dilute mixtures of water. The spin-forbidden 
dissociations approach their high pressure unimolecular limits at a few hundred 
atmospheres, but this condition cannot be reached for melecules which dissociate 
to the ground state atom species, as does %O. 
when one observes the rate of disappearance of water, say from its emission 
intensity in the infrared at concentrations 0.02% to 0.2%, the rate constant is 
given by k&i = (Ar) 101412exp(-105000/RT), ~m~mo1e-lsec-l. Here, as in the case 
of SO2, over the temperature range 2700O to 4000°, the measured rate is twice the 
magnitude for the first step, because the initial dissociation of the water is 
followed by the very rapid reaction, H + H20+OH + €I2. Above 4500°K only the 
first step is recorded, since all the subsequent steps are very rapid and the first 
step essentially controls the overall OH production. However, if the course of the 
reaction i5 followed by recording the amount of OH produced, (OH absorption at 
3063A")(85) the energy activation is about 50 kcal/mole. 
the Obttingen investigators. 
centrations the initial dissociation step is followed by a host of radical chains 
which involve OH; these are so rapid that they control the overall rate of its 
appearance. 

. and C02. This analysis was amplified by Olschewski, Troe and Wagner. (841 The 

It is interesting to note that 

This was confirmed by 
Clearly, at the lower temperatures and higher con- 

One of the triatomic molecules which produces a product in an electronically 
excited state is CO . 
temperature range 680O0-110OO0K (1% in Ar) . 
infrared emission intensity a t  2;? and 4:3.&: Hie re_sults were eese~tielly C C E ~ ~ ~ E P ~  

by E. S. Fishburne and coworkers(87) (3000-5000DK; 1% to l m  in Ar or N2). 
results are: 

Davies(86)reported that his shock tube study covered the 
Dissociation was monitored by the . 

Their 

11 1 11 f kAr =7.1lxlO TLexp(-84500/RT); k = 5 . 3 3 x 1 0  Tzexp(-79000/RT), ~ r n ~ m o l e - ~ s e c ' ~  

The thermochemical dissociation energy is 125.3 kcal/mole. 
gators. also studied C02 but at low concentrations and very high pressures in Ar. 

N2 

The Ggttingen investi- . 



-1 They report a preliminary rate constant, kMm 2 x 101lexp(-lll,OOO/RT), sec 
which they found to be practically indepenxent of the argon concentration at levels 
of 5 X lo-'' moles/cm3. 
Of 1% or higher and modest Ar pressures permits steps subse uent to the first to 
confuse the dissociation process. 
bimolecular rate constant for CS2 to be: 
cm3mole-lsec-1. 

, 

Thus, in this case also, the use of reagent concentrations 

Olschewski and coworkersq88) also found the 
kb = ( A r )  1015.56 exp(-80,300/RT), 

Other tri- and tetra-atomic species have been studied but not with the care 
devoted to the few molecules listed above. All of these show apparent activation 
energies considerably lower than the corres onding 
These include HCN, (89) NH3('') NF2,('l) C2N2P92) and others. 

The following is a brief discussion of pyrolysis investigations of mor: 
complex species. Mass spectrometer and spectrophotometric detection (X2536A) 
of the decomposition of fluoroform on shock heating to 1600°-22000K was reported 
by Modica and LaGraff.(g3) As anticipated, the first step appears to be splitting 
of the molecules to HF and CF , for which the limiting high pressure rate constant 
is 7.03 x exp(-58,480/RT), sec-l. At pressures 0.29 atm they assumed 
that the reaction had attained the second order limit. 
into difluorocarbenes has been previously studied using Ar as the diluent; Modica 
and LaGraff(g4) repeated this work with N 2 ,  in reflected shocks (1200°-16000K). 
There is a difference in that during the course of the reaction the nitrogen was 
vibrationally unrelaxed. In turn, the CF2 radicals generated facilitated 
vibrational relaxation such that in a 1% tetrafluorethylene-nitrogen mixture the 
relaxation time was a factor (10-50) less t an in pure nitrogen. Finally, on 
shocking mixtures of C2F4 and NO, Modi~a(~'~ concluded from mass spectra and W 
absorptions that over the temperature interval 160O0-250OoK, there were the 
reversible reactions: C2F4$ 2 CF2; CF + NOSCF2N0. Above 250OoK, 2 CF2NO+ 
2 CF20 + N2. 
event. 

The dissociation of C2F4 

He does believe that the fatter reaction occurs as a bimolecular 

An extensive investigation of the interconversion of fluorocarbons in shock 
tubes has been reported by Bauer and coworkers.(96) 
to 3% in argon of perfluorinated ethylene, cyclopropane, cyclobutane, cyclohexane, 
propene and butadiene were investigated in a single-pulse shock tube. The 
reaction mixtures were maintained for about 1 millisecond at specified temperatures 
and rapidly quenched. Plots of product distribution as a function of reflected 
shock temperatures were prepared. For example, a product distribution plot for 
perfluoroethylene shows the initial production of cyclobutane, its rapid decline at 
1000°K with a concurrent rise in the amount of propene and cyclopropane, followed by 
a slow rise in the production of butene-2. These products pass through a maximum 
between 1800 and 1900°K, and then decline. Above 2100°K, decomposition of 
perfluoroethylene leads to products which are not preserved in the gas phase. All 
the products observed may be accounted for by simple sets of fragmentation steps 
in which CF2 is the dominant radical. 
is in striking contrast with the still unresolved complexities of the kinetics 
of the C/H system; the crucial differences are (a) the relative ease of migra- 
tion of hydrogen atoms and (b) the high stability of the CF radical. Thus, C/F 
compounds pyrolyze by breaking C-C bonds, but there is littye rearrangement in the 
free radicals due to F atom migration. 

coworkers . f 9 7 )  
pressures of 225 to 1600 torr. Products of pyrolysis were analyzed by leaking into 
a mass spectrometer. The reported rate law shows unit order dependence on ethylene 
and half order dependence on neon. 

Mixtures ranging from 0.5% 

The kinetic simplicity of the C/F system 

The p rolysis of ethylene highly diluted in neon was investigated by Gay and 
The temperature range covered 1710°-21700K in reflected shock with 
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These r e s u l t s  may be f i t t e d  e q u a l l y  w e l l  by a unimolecular process  and by a f r e e  
r a d i c a l  cha in  mechanism. However, t h e  l o w  a c t i v a t i o n  energy is d i f f i c u l t . t o  explain 
s i n c e  i t  i s  only s l i g h t l y  l a r g e r  than the d i f f e r e n c e -  between t h e  e n t h a l p i e s  of 
ace ty lene  p lus  hydrogen and of e t h y l e n e  a t  t h e  r e a c t i o n  temperatures .  

Wing Tsang is c o n t i n u i n g  w i t h  h i s  s ing le-pulse  shock tube s t u d i e s  of the  thermal 
decomposition of l o w  molecular  weight. a lkanes and a lkenes .  (98*99)  
d i f f i c u l t i e s  i n h e r e n t  i n  s i n g l e - p u l s e  shock tube techniques a r e  minimized i n  t h i s  
work, s i n c e  he measures comparat ive r a t e s ,  us ing  the unimolecular  d e c y c l i z a t i o n  of 
cyclohexene a s  an i n t e r n a l  s t a n d a r d .  

Many of the  

k (C H -$ C2H4 + 1,3-C4H6) = 10 15*02 exp(-66,700/RT), sec-l. 
u 6 10 

H i s  r e s u l t s  a r e  summarized i n  Table  V ( taken from Table  11, r e f .  99 ) .  The p o s s i b i l i t y  
of ex tending  the comparat ive r a t e  method t o  o t h e r  types  of r e a c t i o n s  is i n t r i g u i n g ,  
bu t  i t  appears  t o  be d i f f i c u l t  t o  apply t o  o t h e r  than unimolecular  decompositions. I t  
i s  e s s e n t i a l  t h a t  t h e  r e f e r e n c e  r e a c t i o n  remain unaf fec ted ,  and n o t  p a r t i c i p a t e  i n  t h e  
r e a c t i o n  be ing  s t u d i e d .  When f r e e  r a d i c a l s  abound, the p o s s i b i l i t y  of maintaining 
p a r a l l e l  but  independent p a t h s  f o r  concurrent  r e a c t i o n s  is  small  indeed. 

BRIEFLY ON HOMOGENEOUS A ' I W  EXCHANGE PROCESSES 

There a r e  very f e w  c l e a r l y  e s t a b l i s h e d  g a s  phase r e a c t i o n s  of the  type 
AB + Xz+ AX + BX; t h o s e  which a r e  known do n o t  fol low t h e  s imple r a t e  expression 

I t  should be noted t h a t  t o  force t h i s  r e a c t i o n  to follow a molecular  mechanism (4- 
c e n t e r  t r a n s i t i o n  s t a t e )  i t  must be c a r r i e d  o u t  under s t r i c t l y  homogeneous condi t ions 
(no h o t  w a l l s ) ,  a t  t h e  lowest p o s s i b l e  temperatures ,  t o  minimize c o n t r i b u t i o n s  from 

X 
t i e  homogeneous four -center  r e a c t i o n  H + D have been repor ted  over  a year  ago, a s  
was t h e  exchange r e a c t i o n  between CH4 Znd D2.(100p lol) H e u r i s t i c  r a t e  expressions 
for these  systems a r e  summarized i n  Table Vf. 
can be r a t i o n a l i z e d  by assuming t h a t  exchange occurs  w i t h  h igh  p r o b a b i l i t y  only 
d u r i n g  the encounters  between p a i r s  of diatoms,  one of which is v i b r a t i o n a l l y  exc i ted  
t o  a state approximately 0 .4  of  t h e  way to  d i s s o c i a t i o n .  I t  appears  t h a t  the  
p r o b a b i l i t y  f o r  meta thes is  i s  l o w  when molecules i n  low-lying v i b r a t i o n a l  s t a t e s  
c o l l i d e ,  even when the r e l a t i v e  k i n e t i c  energy a long  t h e  l i n e  of  c e n t e r s  (p lus  
v i b r a t i o n s )  exceeds t h e  a c t i v a t i o n  energy. Support f o r  this  mechanism is provided 
by approximate c a l c u l a t i o n s  of t h e  pre-exponent ia l  term f o r  t h e  exchange r a t e  
c o n s t a n t  from v i b r a t i o n a l  r e l a x a t i o n  d a t a .  

wsl 2 X ;  X + AB+AX + B; AB + X+A + BX. The r e s u l t s  of  a shock tube study of 

These r e s u l t s ,  a l though unexpected, 

These simple r e a c t i o n s  p r e s e n t  a cha l lenge  t o  t h e  t h e o r i s t .  The only calcu-  
l a t i o n ( l o 6 )  which h a s  been made of t h e  t r a n s i t i o n  p r o b a b i l i t y  f o r  exchange a s  a 
f u n c t i o n  of  v i b r a t i o n a l  e x c i t a t i o n  (H2 + H2) does show t h a t  t h e  p r o b a b i l i t y  increases  
r a p i d l y  with v i b r a t i o n a l  e x c i t a t i o n .  However, i t  does n o t  d o  so r a p i d l y  enough to 
overcome t h e  lower popula t ion  of the v i b r a t i o n a l l y  e x c i t e d  s t a t e s  a s  cont ro l led  by the  
Boltzmann term. I n  t h i s  c a l c u l a t i o n ,  the  r e p r e s e n t a t i v e  p o i n t  f o r  t h e  c o l l i s i o n  
e v e n t  mo.ves i n  a c l a s s i c a l  t r a j e c t o r y ,  but  t h e  p o t e n t i a l  s u r f a c e  was obtained by a 
semi-empirlcal quantum mechanical procedure. We can o n l y  reach  t h e  conclusion t h a t  
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apparently classical collision theory is not adequate. This is supported by the 
observation that in the vibrational excitation of homoatomic diatomic molecules 
the self atoms have a very high efficiency for vibrational excitation and for 
dissociation, but these effects have not yet been deduced theoretically. 

SHOCK TUBE STUDIES OF COMBUSTION REACTIONS 

Shock tube investigation of ignition delays is continuing at a modest level. 
The emission of visible light was used as a criterion for ignition in estimating 
delays as the function of temperature and composition for propane and methylcyclo- 
hexane. (Io7) 
ethylene, trifluoromethylbromide, and 1,2-C2F4Br2 was measured over the temperatures 
970°-13000K. (Io8) 
at the 3090-31005( band pass for OH, while the induction time was defined as that 
between the arrival of the reflected shock at the window and the time at which 
emission reached a maximum. The compounds listed inhibit ignition by reacting 
with the hydrogen atoms and other radicals which propagate the chain, but it is not 
essential that the additives first decompose. As for the initiation step of the 
branching chain for the H2/02 reaction, Ripley and Gardiner(lo9) showed, by com- 
paring experimental ignition delays with those calculated utilizing a full set of 
reactions, that initiation by a path other than diatom dissociation must occur. 
They proposed the exchange reaction H2 + 02+2 OH as one which would account for 
the data. 

Inhibition of the hydrogen-oxygen reaction by small amounts of methane, 

Ignition was detected photoelectrically from the light emitted 

Gardiner and coworkers(l2’have effectively used the laser-schlierien technique 
for measuring density gradients and correlating the time profile for chemiluminescence 
with that for heat release in the oxidation of acetylene. They found that the OH 
absorption appeared at the end of the combustion, and that the OH profile was not 
directly related to the induction period chemistry. Apparently the OH profiles were 
related to the approach to partial equilibrium, including the reaction OH + CO%CO:, + H. 
The formation of C-0 bonds at partial equilibrium conditions indicates that the heat 
of reaction is liberated without recombination steps, in contrast to the thermal 
sequence which is followed in the H2 + 0 
been investigated by Homer and Kistiakowsky(llOtlll) who recorded emissions by C8 and 
CO in the infrared, and compared them with the W emission at the band head 433A 
( A E A  - x271 ) transition for CH. 
that the time constants for CO and C02 were identical; that the reaction CO + OH 
CO + H does not apply to the initial stages of oxidation. They demonstrated that 
the time constant for CO emission was twice that for CH*, which supports those mecha- 
nisms wherein CH* is produced by second order processes in the chain, such as 
C2 + OH-bCO + CH*. 
C H 

reaction. The C H /O reaction has also 2 2 2  2 

They concluded on the basis of the observation 

2 

These results are not in disagreement with the mechanism for 
combustion proposed by Glass S . ( ’ l 2 )  

A large amount of shock tube data has been assembled on the oxidation of 

2 2  

ethylene.(ll3) Chemiluminescence by CH* revealed induction periods, followed by 
exponential rise of the signals. Measurements of time-dependent species composition 
with a TOF mass spectrometer can be represented by a rather complex reactionscheme, 
based on branching chain oxidation steps. The most abundant chemi-ions were C H + 3 3  
and H30+. 
was followed in the study of the pyrolysis and oxidation of formaldehyde in shock 
waves.(ll4) 
inert gas. There is a tempera ture-dependent induction period. Experiments wi th 
formaldehyde-d2 show that the pyrolysis proceeds by a radical chain mechanism. 
formation of the radical H3C0 has been detected. The observed activation energy 
( 2 8  kcal/mole) is surprisingly low but is consistent with many other low values 
observed for initial stages of pyrolytic reactionsas measured in shock tubes. The 

The mechanism proposed for C2H4/02 is tentative. A similar technique 

The pyrolysis shows first order dependence on the formaldehyde and on the 

The 
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first stage in the oxidation consists mainly of the decomposition of'c 0 into co 
and €I2, followed by a branching chain oxidation of the hydrogen as well as of the 
remaining formaldehyde. 

3 

The oxidation of ammonia under homogeneous conditions has been studied by 
Takeyama and Miyama.(ll5) When mixtures of NH3, O2 and Ar were shock-heated to 
temperatures 1550°-23000K, there was a delay in the.appearance of OH, and as in 
the case of the H /O 
of the temperaturz. 2Following the induction period, the early stages of the 
reaction were monitored by recording the W absorption by NH3 at 2245i. 

reaction, log (0,)r varied linearly with the reciprocal 

They found 

- d[NH3]/dt -- ko [NH3]le5 [02]0'5 

The apparent activation energy is 38.8 2 2.6 kcal/mole. 

The oxidation of hydrogen sulfide in shock waves(''') was observed t/y measuring 
the.goncentration of OH (in absorption) and of the generated SO# at 2909A and 
2812A. 
were recognized; below 1560°K, OH and SO2 appear concurrently after an induction 
period. 
chain mechanism, which at the higher temperatures includes the reaction 0 + H S-) 
SO + H 2 .  This provides an additional route for the formation of SO2 and leads to 
a reduction in its induction period. They also found that the addition of hydrogen 
did not alter the basic features of the hydrogen sulfide oxidation. Additional 
hydrogen did reduce the induction period for the appearance of SO and OH. The 
oxidation of H S is accelerated by hydrogen but the oxidation of gydrogen appears 
to be inhibite8 by HZS. 

The studies covered'the temperature range 1350O to 2450 K. Two regimes 

The authors proposed a branching Above 170ODK, SO2 appears before OH. 
2 

A single-pulse shock tube study of the oxidation of perfluoroethylene was 
referred to above. (") 
by comparative simplicity, in contrast to the many unresolved problems which remain 
in the area of hydrocarbon oxidations. The key feature is the rapid production of 
C F 2 ,  which reacts with the oxygen according to the following scheme: 

The mechanism of oxidation of fluorocarbons is characterized 

C2F4 

O2 

'ZF4 

CFZO 

C FO 

2 CF3 

C2F4 

0 

C2F6 

C FO 

t 2 C F 2  

- CF20 4 - 0  

- CF20 + CF2 

- CF3 + CFO 

- CF, + co 

2 C2F6 

-. C3F6 (propene) - CF20 + C2F4 

- CF4 

3 

c 

+ 'ZF4 - CF4 + co 

 AH^^^ (JANAF) 

kcal/mole 

+ 7 6 . 1  
~. 

- 5 2 . 4  

- 95.5 

-+ 3 8 . 4  

- 611 c: 
"V.  " 

- 92.8 
- 63.8 
-107.8 

- 17.0  

- 91: 
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This sequence accounts for the observed product distributions as functions of the 
temperature, for several compositions of ethylene and oxygen. The detailed con- 
firmation of the individual steps and their ,reaction rate constants will have to 
be obtained from mass spectrometric diagnostics. 

CONCLUSION 

It is amusing to attempt to pinpoint the salient features of shock tube chemi- 
cal kinetics. Among the many attractive ones, the most worthwhile in my opinion 
is the specificity in identification of transient species (and of states) on a 
time-resolved basis; the most troublesome is the lack of sufficiently precise tern- 
perature measurement; the most intriguing is the need to exploit sophisticated 
computer programs in order to unravel the coupling of reactions in a complex 
system. 
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TABLE V. Rate  Parameters  for the Fission of Simple Hydrocarbons 
(from ref. 99) 

Reaction 
Product  

CH3 

CH3qHCH3 

y 3  
CH3C-CH3 

C H2=C H - $H2 

CH3 

log1OA E A  

15.0 82. 8 

-. 

E A( kcal/mole 

42.26 f 2 . 1  

52.3 f 2 

39 f 3  

52.00* 2.2  

116 f 3  

37 4 

3 
CH3CHCH 

log1OA E A  

*(Ti)  
[moles/liter ] Ref. 

T 100 

1010.43 T 4 103 / 

108 T'z 102 

T a 101 

1010.82 104 

lo9 105 

16.0 80.2 

16.1 76.0 

16. 1 78.2 

16.2 73.0 

16.3 68.5 

I 

I 

1 
\ I  
) 

9 

2 )  
CH2=CH-$H 

log1OA E A  / 
I 

15.0 70.3 ,) 

15.7 67.9 1 
rl 

15.8 65.5 1 
14.2 59.3 d 

rc 
1 
I ,' TABLE VI. Summary of Molecular Exchange Reactions, In Shock Tubes 

i d[AX]/dt = k[ABla [X21p IArlr 

a P Y 

0.38 0.66 0.98 

0.47 0.98 0.61 

e0 C l  C l  

0 .3  1.1 0.6 

0.5 0.5 1.0 

0 .5  0.5 -1.0 
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A SHOCK TUBE STUDY OF-- OXIDATION 

Daniel J. Seery and Craig T. Bowman 

United Aircraf t  Research Laboratories 
East Hartford, Connecticut 06108 

Although the  oxidat ion o f  methane has been s tudied extensively there  are  still  
many Tunsolved problems r e l a t e d  t o  the  k ine t ics  and mechanism of the  react ion.  
object ive of the present  inves t iga t ion  is  t o  provide information on the reac t ion  
mechanism and chemiluminescence f o r  t h e  high temperature oxidation of methane. 
t h i s  end an experimental study of methane oxidation behind r e f l e c t e d  shock waves 
has been car r ied  out .  
OH absorption were monitored during t h e  react ion.  In conjunction with the exper- 
i n e n t a l  work, an a n a l y t i c a l  study of methane oxidat ion w a s  car r ied  out.  
proposed f i f teen-s tep  reac t ion  mechanism, temperature, pressure and concentration 
p r o f i l e s  were calculated f o r  t h e  conditions of the  experiment. 

The 

To 

I n  this study pressure,  OH, CH, CO, C2 and H20 emission and 

Using a 

EXPERIMENTAL 

The experimental study was car r ied  out i n  a s t a i n l e s s  s t e e l  cy l indr ica l  shock 
t l2ke  (shown i n  Fig.  1) having an i n t e r n a l  diameter of 3.8 cm. The dr iver  gas used 
i n  a l l  experiments w a s  room-temperature helium. 
pressures,  a double diaphragm technique was employed (Ref. 1). Shock v e l o c i t i e s  
vere  neasured using four  platinum heat t r a n s f e r  gauges mounted along the  w a l l  of 
tile tube. 
sweep osci l loscope.  
and consisted of four  observation por t s .  
spectroscopic and pressure measurements. 
shock waves a t  a loca t ion  1 cm f r o m t h e  r e f l e c t i n g  surface.  

To assure uniform diaphragm burst ing 

The si&nals from these  heat t r a n s f e r  gauges were displayed on a raster- 
The observation s t a t i o n  was located 5.70 m from the  diaphragm, 

These por t s  were used t o  make various 
The react ion was s tudied behind re f lec ted  

This 'configuration gave 
. .  . a xaximun test  time of approximately 2 msec. . -  

Pressure measurements were made using a p iezoe lec t r ic  pressure transducer 
(Kistler Model 605) with a 0.375.cm diameter pressure-sensit ive diaphragm and a 
r i s e  time of 3 psec. Two o p t i c a l  paths were ava i lab le  t o  monitor t h e  emission 
and/or absorption of c h a r a c t e r i s t i c  rad ia t ion  during t h e  reac t ion .  
spectroscopic instrument w a s  a 0.5 m Seya-Namioka vacuum monochromator equipped 
with an W/US 6 2 5 5 ~  photomultiplier.  
t o  give a bandwidth of approximately 25 A .  The monochromator w a s  used f o r  both 
txission and absorption experiments. 
l anp  (Hanovia 528B-1) was employed. 
t h e  other  op t ica l  s t a t i o n  using an EMI/US 9556BQ o r  a P h i l i p s  5 6 m  photomultiplier 
with various narrow-band pass  interference f i l ters.  Sapphire windows were used f o r  
a l l  o p t i c a l  s t a t i o n s .  The output  signals from the  pressure transducers and photo- 
m l t i p l i e r s  were displayed on two dual-beam osci l loscopes which were t r iggered  by 
one of t h e  hea t  t r a n s f e r  gauges. The rise t i m e  of t h e  photomultiplier/oscilloscope 
system was 2-3 p s e c .  

The pr inc ipa l  

The entrance and e x i t  s l i t  widths were set 

For t h e  absorption experiments a Hg-Xe a r c  
Additional emission de ta  were obtained from 
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The methane, oxygen and argon used i n  t h e  experiment-s were Matheson Ultrapure 
Grade ( > 99.9$), and t h e  nitrogen w a s  Linde High Pur i ty  Dry (99.976). 

Gas mixtures were prepared manometrically and s to red  i n  s t a i n l e s s  s t e e l  o r  
g l a s s  vesse ls .  
preparing the  mixture. 
t i o n  of t he  gas mixtures was  confirmed using a mass spectrograph. 
allowed t o  stand f o r  at  least  48 hours before use i n  an experiment. 

These vesse ls  were evacuated t o  a pressure of less than  1 Hgbefore 
Composi- Mixture t o t a l  pressures var ied  from 300-3000 m Hg. 

The'mixtures were 

Before a run, t h e  experimental sec t ion  of  t h e  shock tube was  evacuated t o  
The l eak  and outgassing rate was l e s s  than 2 p Hg/min. l e s s  than 1~ Hg. 

pressures of t h e  gas i n  t h e  experimental sec t ion  var ied  between 1 5 4 5 0  mm Hg. 
I n i t i a l  

k all t h e  experiments t h e  temperature behind t h e  r e f l ec t ed  wave w a s  obtained 
from t h e  idea l  shock equations and the  measured inc ident  shock veloci,ty at the  
r e f l e c t i n g  surface with a su i t ab le  correction f o r  %on-ideal" shock r e f l ec t ion  
(Refs.  2 and 3 ) .  In the  present inves t iga t ion  a temperature cor rec t ion  of  -35 deg K 
v i t h  an uncertainty of 35 deg K w a s  employed. 
r e s u l t s  of a study of r e f l ec t ed  shock temperature i n  argon. I n  this study r e f l ec t ed  
shock temperatures were obtained from measurements of  incident and r e f l ec t ed  shock 
v e l o c i t i e s  using an approach suggested by Skinner (Ref. 3 ) .  This approach could 
not be used with t h e  fuel/oxidizer mixtures due t o  gas dynamic acce lera t ion  of t h e  
r e f l e c t e d  shock wave i n  t h e  v i c i n i t y  o f  t h e  r e f l e c t i n g  p l a t e .  
mination of a temperature cor rec t ion  was not poss ib le  f o r  t h e  fuel/oxidizer mix- 
t u r e s .  

This cor rec t ion  w a s  based on t h e  

Hence a d i r e c t  de te r -  

Cue t o  boundary layer e f f ec t s ,  the pressure behind t h e  r e f l e c t e d  shock wave 
decreased i n  time. It was assumed t h a t  pressure and temperature behind t h e  
r e f l e c t e d  wave were r e l a t e d  through t h e  i sen t ropic  equations. 
not s t r i c t l y  cor rec t  due t o  heat t r a n s f e r  and chemical reac t ion  e f f e c t s .  
f e l t ,  however, that  t h e  e r r o r  introduced by this  assumption i s  small. 

This assumption i s  
It is 

The temperature f o r  a given run was assumed t o  be a l i n e a r  average of the  
temperature d i r e c t l y  behind the  r e f l ec t ed  shock wave (cor rec ted  f o r  "non-ideal" 
r e f l e c t i o n )  and the  temperature d i r e c t l y  before t h e  increase i n  pressure accom- 
panying the  chemical r eac t ion .  
pressure .  
were small, a l i n e a r  averaging i s  acceptable. 

A similar averaging technique was employed fo r  t h e  
Since va r i a t ions  i n  temperature and pressure behind t h e  r e f l ec t ed  wave 
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EXPERIME2TTAL RESULTS 

The oxidation r e a c t i o n  was studied using pressure measurements and spectro- 
scopic observations.  
absorption of the OH r a d i c a l  (3067 A )  and t h e  emission of CH (4315 A ) ,  CO (2200 A),  
C2 (5165 A) and H20 (9300 A ) .  Typical osci l loscope t r a c e s  a r e  shown i n  Figures 2, 
3 and 4. The bottom t r a c e  i n  Figures 2 and 3 i s  the  output of t h e  pressure t rans-  
ducer. The a r r i v a l  of t h e  incident  and r e f l e c t e d  shock waves a t  t h e  observation 
s t a t i o n  and the  increase in  pressure due t o  chemical reac t ion  a re  indicated in  the 
f i g u r e s .  The top trace i n  Fig.  2 i s  the  photomultiplier output showing OH emission. 
From t h e  pressure and OH emission t r a c e s  of Fig.  2 it i s  seen t h a t  the  react ion 
appears t o  pass through t w o  phases - a f i r s t  ( induct ion)  phase i n  which t h e  pres- 
su 'e  and OH emission increase slowly followed by a second phase i n  which the  pres-  
sure and OH emission increase rapidly.  As w i l l  be discussed l a t e r ,  these observa- 
t i o n s  a r e  consis tent  with t h e  r e s u l t s  of the  a n a l y t i c a l  study. The top t r a c e  in  
Fig.  3 is  the  photomultiplier output showing CH emission. From t h i s  f igure  it is 
seen t h a t  exci ted CH(2A)  i s  probably short-l ived, undergoing a maximum i n  concentra- 
t i o n  j u s t  p r i o r  t o  t h e  onset  o f  f a s t  react ion.  In Fig.  4 t h e  top  t r a c e  i s  the  
photomultiplier output showing OH emission and t h e  bottom t r a c e  shows OH absorption. 
It i s  apparent t h a t  the  onset of emission and absorption occur simultaneously, 
ind ica t ing  t h a t  t h e  concentration of exc i ted  s t a t e  ( zZ  
OH increase approximately at t h e  same time. 

The spectroscopic measurements involved the  eyiss ion and 

) and ground s t a t e  ( z r l  ) 

For the  purpose of comparing the  experimental and ana ly t ica l  results it i s  con- 
venient t o  character ize  t h e  oxidation of methane by an induction time. There i s  
no general ly  accepted d e f i n i t i o n  of  induction t ime. In the  present study the  induc- 
t i o n  t ime was defined t o  be t h e  time between t h e  heat ing of t h e  gas by the  ref lected 
shock wave and the rap id  increase i n  pressure o r  c h a r a c t e r i s t i c  emission or  absorp- 
t i o n .  
t i c a l  r e s u l t s  and i s  not dependent on the  threshold of the  instrumentation. 

This d e f i n i t i o n  permits a simple comparison between experimental and analy- 

Induction time data f o r  methane oxidation a r e  presented i n  Figs .  5 through 8 .  
In these  f igures  the  mole percent of methane, oxygen and argon o r  nitrogen in the  
xixtiu'e is  given together  with the  f r a c t i o n  stoichiometric,  @ , where 

( xCH4/x02 ) 

(xcq/xo2)  s toichiometr ic  
@ =  

and X i s  the  mole f r a c t i o n .  
squares fit of the experimental da ta  t o  an equation of the  form 

The s o l i d  l i n e s  through t h e  data  poin ts  are  a l e a s t -  

T = A exp (E/RT) 

i 



where r = induction time, T = temperature, and A and E = constants .  
A and E and the standard deviat ion i n  E are  obtained from the  least-squares reduc- 
t i o n  of t h e  data, and a r e  tabulated i n  Table 1. 

The parameters 

Table 1. Least-Squares Parameters: Methane-Oxygen-Diluent 

@ Diluent P( atm) A(  sec ) o E  - - 
0.5  N2 1.7 1.6 x 44.7 3.7 

0.5 Ar 1 *7 2 .3  x 10-10 44.3 1. .4 

0 .5  Ar 3.7 4.5 x 10-11 46.6 4.3 

0.5 Ar 6.0 2.1 x 10-12 53.2 6.0 

1.0 Ar 2.0 5.8 x 10-11 49.0 2.1 

2.0 Ar 1 *7 2.1 x 10-10 45.4 4.8 

The induction time f o r  oxidizer-r ich ( @ = 0.5)  methane/oxygen/argon and 
methane/oxygen/nitrogen mixtures for  an average pressure of 1.7 2 0 . 3  a t m  is pre- 
sented as a function of temperature i n  Fig.  5. I n  t h i s  f igure  t h e  induction time 
i s  based on the  rapid increase i n  pressure.  It i s  noted t h a t  i n  t h e  present study 
there  was no observed difference between induction times based on rapid increase 
i n  pressure or those based on rapid increase i n  c h a r a c t e r i s t i c  emission o r  absorp- 
t i o n .  The s o l i d  l i n e  i s  t h e  least-squares f i t  of the  methane/oxygen/argon data .  
From Fig.  5 and Table 1 it i s  seen t h a t  within the experimental uncertainty and 
f o r  a given temperature t h e  induction time i s  the  same f o r  the  methane/oxygen/argon 
and t h e  methane/oxygen/nitrogen mixtures. Hence f o r  the  conditions of t h e  present 
invest igat ion replacing ni t rogen by argon i n  t h e  oxidizer  does not have a s i g n i f i -  
cant e f f e c t  on the  induction t ime. 

The induction time f o r  a stoichiometric methane/oxygen/argon mixture a t  an 

From t h i s  f igure  it is  seen t h a t  t h e r e  i s  no s igni f icant  difference 
average pressure of 2.0 2 0.3 atm i s  presented as a function o f  temperature i n  
Fig.  6. 
between induction times based on OH emission o r  OH absorption. 

The dependence of t h e  induction time on t h e  f rac t ion  s toichiometr ic  ( @ = 
0 .5 ,  1.0, 2.0) i s  presented i n  Fig.  7. 
l i n e s  shown i n  t h i s  f igure  a re  within t h e  experimental uncertainty presented i n  
Table 1. 
stoichiometr ic  i n  the  range of @ = 0.5 t o  2 .0  ( f o r  induction t imes between 5Opsec 
and 1 msec). 

The difference between t h e  least-squares 

Therefore there  i s  no s igni f icant  var ia t ion  of t h e  induction time with f rac t ion  
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A comparison of  t h e  induct ion times f o r  an oxidizer-r ich methane/oxygen/ 
argon mixture ( @ = 0.5) at average pressures of 1.7 2 0.3 a t m ,  3.7 2 0.4 a t m  and 
6.0 2 0.3 a t m  is  presented i n  Fig. 8. It is  apparent that f o r  a given temperature 
as the  pressure increases from 1.7 atrn t o  3.7 atrn the  induction time decreases. 
A s  the  pressure increases  t o  6.0 a t m  no fur ther  decrease i n  induction time is  
observed. 
of Snyder, e t  a1 (Ref. 4 )  f o r  CHq-air, P = 4 atrn a n d @  = 0.5. 
t h e r e  i s  good agreement between t h e  two s e t s  of data.  

A l s o  shown on Fig.  8 is a l e a s t  squares f i t  of  t h e  ign i t ion  delay data 
It i s  seen t h a t  

ANALYTICAL INVESTIGATION 

In order t o  gain ins ight  i n t o  t h e  react ion mechanism f o r  methane oxidation and 
t o  a id  i n  understanding t h e  experimental r e s u l t s  a model ca lcu la t ion  was performed 
using a f i f teen-s tep  r e a c t i o n  mechanism. The ca lcu la t ions  were made using a compu- 
t e r  Frogram which numerically in tegra tes  t h e  system of  reac t ion  k ine t ic  and s t a t e  
equations t o  give the t i m e  rate of change of compositions and thermodynamic proper- 
t i e s .  In the  present study the  ca lcu la t ions  were made assuming an adiabat ic ,  con- 
stant volume react ion.  Hence the  model ca lcu la t ion  c lose ly  approximates conditions 
behind a re f lec ted  shock wave. 

The mechafiism f o r  methane oxidation at high temperature i s  probably d i f fe ren t  
from t h e  low-temperature, low-pressure mechanism of Ehikolopyan (Ref. 5) which is 
used by many inves t iga tors .  It is more probable t h a t  the same react ions t h a t  are 
important for  methane flame propagation also are important i n  t h e  high temperature 
oxidation of methane. The reac t ion  mechanism and r a t e  constants  used f o r  t h e  cal- 
culat ions a re  presented i n  Table 2. 

Table 2. Reaction Mechanism 

Reaction 

1. CH4+ CH3 + H 

2. CH4 + H + C H 3  + H2 

3. CH4 + OH +CH3 + H20 

4. CHl+ + O + C H 3  + OH 

5. CH3 + 02 +CH20 + OH 

CH3 + O+ C%O + H 

CH20 + OH +HCO + H20 

6 .  

7. 

8 .  HCO + OH-CO + H20 

9. CO + OH + C02 + H 

Rate Constant = A exp (-B/T) 
A* B Ref. 

_c 
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Table 2. Reaction Mechanism (Continued) 

Rate C o n s t F t  = A exp (-B/T) 
React ion A* B 

10. H + 02+ OH + 0 2.2 1014 8,310 

11. 0 + %-+OH + H 1.1 x d 3  4,730 

12. 0 + %0+20H 4.2 x 1013 9,120 

13. H + H20+H2 + OH 5.0 1013 10,100 

14. H + H + M+H2 + M 5.0 x 1018 T'l -0- 

15.  H + OH + M+H20 + M 4.5 x 1 O 2 I  T'l -0- 

* A is  i n  cmj mo1e-l sec- l  except for  (1) where the units are  sec'l 

This mechanism i s  derived pr imari ly  from the flame s tudies  of  F'ristrom and 
Westenberg (Ref. 7 )  and Fenimore and Jones (Ref. 9) plus t h e  methane dissociat ion 
react ion t o  a s s i s t  the i n i t i a t i o n .  

DISCUSSION 

Ref. 

9 

9 

9 

9 

9 

9 

Before proceeding t o  a discussion of  t h e  experimental da ta  it i s  o f  i n t e r e s t  
t o  consider some of the  r e s u l t s  of t h e  a n a l y t i c a l  study (Figs.  9 and 10 ) .  
shows the  calculated temperature and pressure p r o f i l e s  f o r  an i n i t i a l  temperature 
of 2000 deg K, an i n i t i a l  pressure of  3.4 a t m  and 0.5 f rac t ion  s toichiometr ic .  
temperature and pressure increase slowly during the induction period and then in- 
crease rapidly.  Calculated concentration p r o f i l e s  f o r  severa l  important species 
for  the  above conditions are  presented i n  Fig.  10. The concentrations of  the in te r -  
mediates increase very rap id ly  during t h e  e a r l y  s tages  of the  reac t ion  and then 
maintain a near ly  constant value through most of t h e  induction period. 
species  have d i f f e r e n t  concentration p r o f i l e s .  
e a r l y  i n  the induction period and then increase almost l i n e a r l y  t o  t h e i r  equilibrium 
concentrations.  C02,0n the  other  hand, increases  almost l i n e a r l y  from t h e  start and 
only at the  very end of the  induction period does it increase rapidly.  

Figure 9 

The 

The product 
CO and H20 show a rapid increase 

Calculations similar t o  those discussed above also have been made f o r  i n i t i a l  
temperatures of 1900 deg K and 1800 deg K (stoichiometry and i n i t i a l  pressure were 
i d e n t i c a l  with t h e  2000 deg K ca lcu la t ion) .  Qual i ta t ively the  temperature, pres- 
sure and concentration p r o f i l e s  are t h e  same as  f o r  the  2000 deg K ca lcu la t ion  ex- 
cept on a longer t i m e  scale .  Since t h e  calculated and observed pressure p r o f i l e s  
are q u a l i t a t i v e l y  the same,it i s  possible t o  compare calculated and observed induc- 
t i o n  times (based on rapid increase i n  pressure) .  
presented in Fig.  8, exceed t h e  experimental values by a f a c t o r  of t e n  a t  1800 deg K 
and by a fac tor  of f i v e  a t  2000 deg K. 

The calculated induction times, 

Considering the  uncertainty i n  some o f  the 
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spec i f ic  r a t e  constants used in the  react ion mechanism the difference between exper- 
iment and analysis  i s  not unexpected. A s  an example, i f  the  r a t e  constant f o r  
reac t ion  10 is varied by a fac tor  of t e n  t h e r e  i s  a 30-40 percent var ia t ion  in the 
calculated induction time at 2000 deg K. A t  lower temperatures var ia t ions i n  the 
r a t e  constants of chain-branching react ions could have an even greater  e f fec t  on 
t h e  calculated induction 'times. 
i n  the  analysis  (e.g.  H02 and H202) may contr ibute  t o  t h e  discrepancy espec ia l ly  
a t  t h e  lower temperatures. 

In  addi t ion t h e  neglect of c e r t a i n  chemical species 

A t  the  present time t h e  calculated concentration p r o f i l e s  only can be compared 
In p a r t i c u l a r  it is  noted t h a t  after the q u a l i t a t i v e l y  with t h e  experimental data.  

f i r s t  few microseconds t h e  calculated OH concentration increases approximately expo- 
n e n t i a l l y  i n  time. 
measure of ground state OH concentration) a l so  increases  approximately exponentially 
i n  time . 

Experimental r e s u l t s  ind ica te  t h a t  OH absorption (which is a 

It i s  of i n t e r e s t  t o  compare t h e  t i m e  var ia t ion  of  CH and OH emission and OH 
absorption i n  ntethane oxidat ion with similar observations i n  acetylene oxidation. 
Stubbeman and Gardiner (Ref. 10) have s tudied t h e  oxidation of acetylene i n  a shock 
tube and observed OH emission and absorption (3067 A )  and v i s i b l e  chemiluminescence 
(4320 a). t r a n s i t i o n  
i n  CH. During the  r e a c t i o n  a peaking of t h e  4320 I\ emission ( s imi la r  t o  t h a t  shown 
i n  Fig. 3) was observed. Coincident with the  4320 A peak a pulse of OH emission a t  
3067 A was observed. Following the  t a i l - o f f  of emission an increase in  OH absorption 
was observed. In  methane oxidat ion a peaking of CH emission i s  observed (Fig. 3); 
however OH emission and OH absorption are  found t o  increase s;multaneously during 
t h e  react ion.  I f  t h e  l a g  between CH emission and OH absorption i n  acetylene oxida- 
t i o n  i s  r e a l  then t h e r e  must be d i f f e r e n t  mechanisms f o r  chemiluminescence i n  methane 
and acetylene oxidat ion.  Indeed, Deckers (Ref. 11) has suggested t h a t  i n  acetylene 
oxidat ion there  are two possible  react ions f o r  producing CH ('A ) but  t h a t  only one 
of the  react ions is important i n  methane oxidat ion.  

It is probable t h a t  the  4320 A emission i s  due t o  the  2A-2n 

The authors thank T. F. Zupnik, P r a t t  L?C Whitney A i r c r a f t ,  f o r  providing t h e  
computer program used f o r  t h e  react ion k i n e t i c  calculat ions.  
sored, i n  par t ,  by t h e  A i r  Force Aero Propulsion Laboratory (Wright-Patterson) 
under Contract No. AF 33(615)-3179. 
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KINETICS OF THE NITROUS OXIDE - HYDROGEN REACTION 

Hans Henrici, Margaret Hunt, and S .  H Bauer 

Department o f  Chemistry, Cornell University 

c Ithaca, New York 14850 

The reaction between nitrous oxide and hydrogen was investigated over  the temperature 
range 1700°-3000% in shock heated mixtures, diluted lq&-3% (for each reagent) in argon. 
Incident shock densities were (.1-7) moles Most of the ate data  were obtained 
by recording the absorption of charac te r ig ic  OH radiation at 309$AT: additional spectrophoto- 
met r ic  measurements were made a t  2259A (for NO) and at  2300 A (for N20) .  The f i r s t  
objective w a s  to  determine whether the literature values for the r a t e  constants of the 
elementary s teps  adequately account f o r  the observed OH profiles, and the second, to deduce 
more reliable values for those constants the magnitudes of which are in doubt. Preliminary 
analysis of the data indicated that the OH concentration exceeded its equilibrium level 
particularly at the lower temperatures;  this was also the case for KO. Detailed analyses 
using a shock kinetics program for  14 reactions (and their inverses) show that the "best" 
values generally accepted for the various rate  constants lead to much fas te r  rise times 
but lower maximum concentrations of OH than were cbserved. In view Gf the consensus 
currentlj.  being reached regarding the constants for the O/H reactions, our data place 
lower limits on the magnitudes for the (N 0 + 0) steps and an upper limit for  the 
( N 2 0  + H) s tep.  2 

STATEMENT OF THE PROBLEM 

The reaction between nitrous oxide and hydrogen at  high temperatures  i s  very rapid. 
While the main outlines of the mechanism map be formulated with reasonable certainty, 
the magnitudes of the kinetics parameters  are not well established. In particular, several  
of the cr i t ical  ra te  constants have been measured at  lower temperatures only, and infor- 
mation which permits extrapolation to the higher temperature regime (up to 3000%) i s  
not available. The ent i re  sequence of s teps  may be divided into three groups. 
I .  The following involve oxygen and nitrogen only; 

the initiation reaction 

1 .  N 2 0  t M - N 2 + O + M  
the depletion reactions 

2 .  N 2 0  i 0 - ?i2 i o2 
c 3.  K9O + 0 - 2 KO 

L .  

scrambling and recombination s teps  

c 7 .  0 i NO - 0 2 + N  

8.  0 + N2 z xo -I. N 

1 4 . O + O + M  0 2 c M  
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III 

This group ini-Ci-.cs o;(r)&~r i i r k 2  h y i i  ogeli diily; all but the termoiecular reactions a r e  
very rapid 

the primary s tep 

4. 0 4 H2 

secondary steps 

9. 0 + OH 

10. OH -t H2 

11. OH -L OH 

13. OH 4- OH 

5. H 4. H + nr 
12. H i OH -! .\L 

Reactions mhich C C I U ~ I ~  the S,'O to the H i 0  system; 
the primary step 

-.. N .$ 011 
2 5. H + N 2 0  

secondary step? (of little co?isequence under shock conditions) 

16. NO + Ha Z BNO i- H 

17. NO + H 2 0  1;: i3NO -t OH 

15. HKO + M H + N O + M  

r. l b .  N 2 0  + OH - HNO + NO 

The reactions for which the ra te cmstu i ta  ore bes t  est.ablished are the initiation s tep and 

over foilr powers  ut ten hemean 1500' and 2500OK. These experiments were 
reactions ill g r o u p  (.[I). The ra te  constant for reaction (1) has been 

conducted at B total density starting ai 5 x 10-.6 moles/cm3 and into the high pressure 
Saturation re ion 

experiments. In group (II), the best known ra te  constants a r e  those for reaction (9). which 
was determined to within 10% over the temperature range 1300° to 1700%, and for 
reaction (4) which was determined i n  the same study combined with literature values 
available a t  lower temperatures. 
(1) and (11) i s  the least well established of the controlling steps in the overall process. The 
thermochemical parameters  for ,the above reactions a r e  known with considerable precision, 
except possibly those involving HNO. 
were taken from the JASAF Tables. 

The ate  of N 0 decomposition was found to  be proportional to the density 
up to 6 x 10-gmoles/cm 5 , a leve? which is much higher than the highest densities in our 

Reaction (5) ,  the pr imary coupling s tep between groups 

The relevant data  used in the following calculations 
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The reaction rates between nitrous oxide and hydrogen were measured in shock 
heated mixtures  (incident regime) over the temperature  range 1700°-3000%. The first 
objective was to  determine whether the l i terature  values for the rate constants of the 
elementary steps do adequately account for  such data; the second, to  deduce more  
reliable values for those constants the magnitudes of which a r e  in doubt. The 
(N 0 + Hz) reaction is typicgl of complex oxidation systems and is particularly well 
suited for  a shock tube study. Several spectroscopic probes a r e  available as "handles" 
on the course of the reaction. Most of the data collected during this investigation were 
obtained by recording the absorption of character is t ic  OH radiation; additional spectro- 

2 

photometric measurements were  made in absorption 0. When both of 
these gases  were present, the net absorption at 2259 ?or that due to NZO. 
Other probes which are available for following this reaction a r e  the intensities of 
emission in the infrared due to OH, H20 and NO; these were  not used in  the present 

a study. The mixtures of N O/H used were 1/1, 1/2, 1/3, 3/1, 3/38 in argon, with 
total densities f rom (1-7) I O w s  koles ~ m - ~ :  The levels of OH generated ranged 
1 . 2  x 10-8 to  2.3 x LO-' moles  cm-3. 

EXPERIMENTAL PROGRAM 

All our  data were  obtained in the incident shock r e g n i e ,  using a 6 " I . D .  stainless 
s teel  shock tube. It has an 8' dr iver  section and a 30' tes t  section. The observation 
windows are 26' downstream from the diaphragm. P r i o r  to filling, the experimental 
section was pumped down to  
Mylar diaphragms of 0.008" thickness were cross-cut to 0.005" and pressure broken. 
The speed of the incident shock wave was measured with a r a s t e r  system, upon which 
calibrated m a r k e r s  were superposed at 10psec. intervals. The raster was triggered 
by  a piezoelectric pressure  t ransducer .  Fur ther  downstream were three platinum 
heat  gauges with known separation. The error in the shock speed was estimated to 
be about 0.1%. The peizoelectric gauge also triggered the other electronic devices, 
including the discharge through the H20 vapor lamp. We estimated the time constant 
of the recording system to be about S p e c .  

The N 0 used in these studies was doubly distilled in vacuum, mixed with hydrogen 
and argon in large glass vessels  or  in glass  lined metal  tanks and kept at least  10 hours  
before using, to insure complete mixing. Mass spectrometr ic  checks revealed no 
oxygen impurity above the background level of the spectrometer. 

The source of character is t ic  OH radiation was described previously(15). The 
lamp emission was made paral le l  before entering the shock tube, and the exit light was 
focused onto the entrance slibof a Jarrell-Ash 500 m m  focal length monochromator 
(JACO 8200), which has  a 16A/mm dispersion. In order  to discriminate against the 
emission from the shock heated gas, the focusing lens was placed 70 cm fromfhe exit 
window of the shock be.  For ty  micron entrance and exit lits p rmitted selection of 
a portion ( A i  = 0.64 w ) of the Q branch head (30941) of the 'Z+ - 'II. transition. The 
time rate of change in the conceitration of N,O and the final concentration of NO were 
measured neing B dcdteriitiii arc , as a source of continuum radiation. 

F o r  the NO absorption measurements ,  a wav$lengt$region around 2259A (*2.7%) 
was selected, this belongs to the y band (0, 0 of r+ - II ) transition. The 
average of 8 r u n s  with 1% NO in argon, the absorption coe&&'et@ketween 1800' and 
2100°K was determined to be  8 . 5 5  (* 0.3) x 
the NO was obtained from a commercial  cylinder, and doubly distilled to remove N2 

t o r r ;  fne apparent leak r a t e  was 2.5 x 10-6 torr /min.  

2 

0 

cm2/mole. F o r  these measurements  

* h S  200 lamp, Dr. Kern, Gbttingen 
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and the higher oxides of nitroger.. S i x e  N 0 absorbs O ~ J  kt shock temperatures, a 
reliable determination of the NO concentrafion in the reaci!ng mixture was possible 
only after the N 0 had deconiposed. The absorption of the generated NO remained 
constant for a t  &ast 1 nisec, laboratory time, when the gas consisted initially of a 
mixture of p r e  N 0 in Ar, afid also when hydrogeii was added. The ab.sor tion coefficient of 
N 2 0  at 23001  as ?function of temperature, has  been determinad by T r ~ e ( ~ ' ) .  The 
few preliminary measurements made in our laboratory do not disagree with that 
determination. 

Test times ranged up to 5001 sec;  however, most of the miis were taken up to 
350psec only. Par t ic le  times were therefore of the order  of 1500psec.  

TYPICAL RESULTS AhD PRE LIMW-4RY ANALYSIS 

Within the limits of the time constants of these measurements the OH concentration 

In some cahes there wsre c l e s  indications that 
rises linearly with a finite slope for a period of 50 to 100psec, then slowly bends over 
and appears to appr0ach.a level value. 
this passed through a maxjmi.ini. The preliminary sssninptim t!ibl t.'ti: m&ximum level 
of 011 corresponded to the equilibrium concmtration proved misleadiiig. An equilibrium 
shock program not only gave vhlues for  the final reaction temperatu?e (which ranged from 
100-250' ahove shock temperatures calculated for no reaction) but also gave the 
equilibi.ium concentration of all the species. 
obyi-l:ed values, based on the approximate absorption coefficient (for OH) of 2 .  2 x 10 
cin /mole is shown in Table I. 
temperature. The cause for the overshoot is the same as in the H/O system, in that 
three body processes which reduce the atom and free radical concentrations are slow 
ccmpared to the steps which produce OH, or bring it into local equilibrium with the 
other radicals. 
regarding the OH production [i. e. that it i s  primarily controlled by reactions (l), (2), 
(3).  and (4)l does not account for the data. Under the steady-state assumption for  the 
oxygen atoms, 

6 Comparison of the calculated with the 

It is clear  that the overshoot i s  higher at the lower 

These preliminary studies also showed that the simplifying assumption 

; see Fig. 1. 

A tes t  oi this equatior, can be mzde by assuming literature'values for k (lA), k3(2) ,  and 
k ( 3 ) .  This reduction is not acceptable in view of the fact that runs ";it% different con- 
centrations of N,O and H do not lie on the same line, no does the dissociation r a t e  
constant for N 2 d  agree d t h  the currently accepted valuefi). However, the various 
cur,-es a r e  close to one another and fall below the previous data on the N 0 decomposition(lA). 

Xot only does the OH concentration overshoot but the NO appears to behave likewise; 
this has been observed previously in studies of the N 0 decomposition(lA). The proof 
requires  measurement of the limiting value of the N d  concentration, re fer red  to the initial 
concentration of N 0, which disappears completely by the time the test period i s  over. 
The ratio (in the a k e n c e  of H2), 

4 

2 

where a measures the fraction of oxygen atoms used in reaction (2) ,  and & i s  the fraction 
of oxygen atom which follow reaction (14), compared with reaction (3) as a reference. 
Table 11 is a summary of magnitudes of p for several  typical runs.  
(a + b) = 1.1 indicates approximately comparable depletion of oxygen atoms by,reactions 
(2), (3) ,  and (4). In contrast, when hydrogen is present the observed value for  i s  

The sum 

i 
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considerably leas, a l so  shown in Table II. The valiles id1  ;I IP. a\JSkIlCe of hydrogen 
check with those obtained by Gutman(lA), who reported p :: 0 . 5 6  at 2515'K, with no 
detectable temperature dependence. Thus, in the presence of hydiogen a corisiderable 
fraction of the oxygen atoms are removed by the pr imary ceaction ;+), and the secondary 
s tep (9). The partition oi Oxygen atoms 
among the various react ions,  in the presence of hydrogm, canilot be directly estimated 
f rom the measured @, but this' does provide an additional boundary condition on the 
cor rec t  assignment of reaction ra te  constants. One may now l is t  the available 
experimental parameters: 
(a) . the initial slope ,of the OH curve (absence of an inductioii period) 
@) the t ime required for  the OH concentration to reach 63% of i t s  final value 
(c) the magnitude of the OH at the maximum 
(d) the .i-alue of @ 
(e) the t ime required for the disappearance of N 0 to l/:! of ita irdtial value. 
The matching of the OH concentration-time prof i i i ,  and the parameters  listed above 
were 'used to test combinations of rate constants, a3 described in the next section. 

EXTENDED CALCULATIONS AND CURRENT STA'XS O F  THE PROBLEM 

Beauuse of the coupiing of a la rge  number of reactions did their approximately 
compai-Ale contributions, no simplifying assumptions permit an analytic solution of the 
c u ~ p i e d  set  of differential equatioila. 
introduced to obtain calculated values for  the concentration profiles of a l l  species. 
The program which was obtained from Cornell Aeronauticsi Laboratory(18), permits  
the insertion of the enthalpy and free energy fc r  each specie as a function of temperature. 
l'he therxuGdynamic functions are expressed as  polynomials in the temperature. F o r  
the rate constants specific values must  be inserted for  the pre-exponential factor, the 
pre -exponential temperature  dependence and the activation energy. This incident shock 
program computes the equilibrium constant for  each reaction, obtains the rate constant 
f u r  i ts  reverse  and gives the net ra te  of formation (Q ) for each species (j) from every i '  reacticn (i). It also gives the concentration of each sdecies as a function of time and 
crJmputes the temperature profile behind the shock. The printout of the Q . . ' s  as a 
hnct ion of time i s  probably the' mos t  useful par t  of the outpJt. It provides'la measure  
of  OW dependent the net concentration profile for any species is on the contribution from 
each reaction. It helps  to gauge how effectively coupled the system is, and whether some 
reactions which were introduced can be discarded because of their minor contributions. 
F o r  example, this was found to  be the case for OH derived from reactions (15, 16, 17 
and 18). 

In the tes ts  wnich will be described below no change wda made in  the value for the 
dissociation rate  constant f o r  s tep (1). The study from which w e  took the rate constant(l) 
co-iered a wide range of total p ressures  and of temperatures  for low concentrations of 
S.0 in Ar. The reported values show very little sca t te r  from an Arrhenius line. In 
acfditi:vr the same resu l t s  were  obtained behind incident a rd  refipcted shock waves, and 
tke) x ~ e r e  crosschecked by experiments with an adiabatic pistl;n\l9). Nevertheless, 
ic  our ycstem, there s t i l l  may be some uncertainty docut thz rate constant for this 
I c ! a L A ~ ~ ~ ~  uw io iiie uiikt1oiv-n coilision efficiencies for acti7;ation by the species produced 
i i i  tne S 0,'H 
r a t e  constants were obtained from a survey of the l i t e ra tme a d  from discussions with 
=.e:.i.ral w o r k e r s  in the field; they are listed in  Table III. 

m l y  thcse of the HZ/02 ,system and that of reaction (5) were varied in an attempt to 
obtain a fit to the experimental OH profile at 2000'K. These tes t s  showed that the computed 
ra te  of Oh-formation, which was much faster  than the observed, could be,fitted only by 

Therefore a general kinetics program was 

_r....+.?.. A . . -  

reaction. These may be  much la rger  thaii that for argon. The other 2 2  

11) a f i r s t  group of tes t s  the rate  constants for r e a c t i w s  (2) and (3) were accepted, and 
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reducirLg the rate  constalits o i  reactions (5) and (10) by a factor C J ~  30 to  40. In order  to 
achieve h Letter fit for  experiments at different concentrations, i t  was also necessary 
to reduce the rate constants for (9) by a factor of 10, and for  (4) by 1/2. This is 
cleaxly an ilnacceptti;ble combination. Figure 2a shows thz contribations of the five 
cr i t ical  reactions to the OH concentration profile (Q..) for  a typica: run with 1% of 
:Y20 a13 l?~ H in Argon; Fig. 2b shows the net OH h o f i l e s ,  calculated and observed 
&; I as _. the2caiculated adiabatic temperature. 

In -b.ie= of the consensus now being reached as to the magnitudes of the rate  constants 
fol grGJp lI> the second exploration involved the ra te  constants for the depletion 
reaction (2) and (3), and the pr imary coupling reaction (5). At this stage i t  was 
demmstrated that reactions (15) to  (18) have no discernable effect on the OH profile. 
'Table I'il i s  a summary of the various combinations tested, and 'Figures 3a and 3b 
she* the.Q.. and the net OH profile for one of the more successful combinations 
fmp.;l to da&. 

A s  ifi the f i rs t  series of tes ts  for specified k2 and k., the OH profile depends most 
sensitively on the ra tes  of reactions (5) and (10). A difdculty in all these attempts to 
f:t the e-xperimental data was that the computed OX profiles yielded nlaximuin values 
fcr the OH coccentrations which were a t  most  half as large as those observed. Whether 
t?i;5 i s  dua t-1 an uncertaiciy in the absorption coefficient ~k OH u r  to an incorrect 
ccmbic.;tion of the ra te  constants will be tested in calibration measurements designed 
to cietscmine the absolute OH concentrations under these conditions. 

different reactions on each other and on the OH profile can be described as follows. 
The Text ion  i s  initiated by (1) which is rapidly followed by either (2) and (3) or by 
(G;, .  If KO p h y s  no further role, the only way in which reactions (2) and (3) contribute 
tonard  the building up of OH i s  through (9), the eaction of e 0 generated in 

within f 10%. If the extrapolation to 2000°K i s  correct, reactioa (9) makes only a 
inirx)r contribution to  the OH generation, at least  when there is no large excess of 
?i20 over H 

SO under conditions s imilar  to those of the shock tube investigation. 
of h 0  is a slow process  a s  is also i t s  rate of reaction with molecular hydrogen, 
rekction (16). The r a t e  ofproduction of HNO would ve to be at  least  a 100 times 

measurably. Further. the decay of pure N 0 in argon is at least  100 t imes faster 
than the loss of N 2 0  through(22); 

The absorptinn by NO a t  i t s  band maximum (42002)  was not detectable in the GGttingen 
studies on the N 0 de8omposition. 2 

It iollou~s that, apar t  f rom the contribution of reaction (9),oxygen atoms which 
reac t  with N 2 0  2 reactions (2) and (3) are lost for the production of OH. The net 
ra te  of OH production i s  therefore sensitive to the ratio: k /(k2.+ k ) .  The above 
preliminary experiments of the magnitude for p indicate thae an increase in the r a t e s  
of k and k3 is required to account for  the observed rat io  of [NOIm/[N 01'. Once the 
n t i 8  k /(k + k ) i s  fixed, the concentration profile of OH depends str%ngly on the 
cxpledreac t io$s  45) and (10). At the beginning, when little water i s  present, reaction 
(10) is faster than reaction (5), resulting in a net consumption of OH. As reaction (10) 
approaches local equilibrium, reaction (5) takes over until :?e N 0 is consumed. By 

If the present set of rate constants i s  a reasonable approximation, the effect of the 

reactioii (2) with hydrogen atoms. Between l l 0 8 m d  170OOK fb k 2is by now known to 

2'  
Apart from the current  experiments there is other evidence for the stability of 

The decomposition 

' faster  than that determined by Bulewicz and Sugden('8, in order  to contribute 

2 

N 2 0  + .NO - NO2 + N2 (19) 

3 

2 

2 
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then, the buildup of OH is completed, and OH decays slowly 2 three body processes.  

a lso contribute to the OH profile but by an amount which is smal le r  than t h e  contributions 
from reactions (4), (5), and (10). However, the significance of (9), (11) can be established 
only after the rate constants fo r  (2), (3), and (5) have been measured. In order to  
achieve this, the experiments to determine f i  as a function of the Ha concentration, 
and the profile for N 2 0  disappearance will be continued. 
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TABLE I 

N 2 0:H2:Ar/3:3:94 

8 obs. calc. 
T P K  (OH)x109 (OH)obs. , -4 

Run po(total) pox 10 'shock 
No. torr. dynes/cm2 mm/ps equilibrium plateau equil. (OH) eu. 

82 43.2 

83. 37.1 
79 16;5 
85 13.2 

N20:H2:Ar/3:1:96 

64- 27.0 

54 21.0 
92 12.5 
93 10.3 

?; 0 . H  :Ar/l:1:98 

3 1 27.0 

73 21.2 
17 14.7 

16 13.3 

2 . 2  

'3 d 13.0 
47 13.1 

5.7595 

5.0262 

2.2000 
1.7599 

3.5997 

2.7998 
1.6665 
1.3732 ~ 

3.3331 

2.8261 

1.9598 
1.7732 

1.733 
1.74i 

1.332 

1.403 
1.478 
1.568 

1.397 
1.445 
1.521 
1.610 . 

1.385 

1.446 

1.515 
1.568 

1.548 
1.610 

2078 

2235 
2386 
2551 

2110 
2222 

2394 
2586 

2064 
2209 

2372 
2494 

2405 
2554 

9.965 

12.224 
10.292 
9.179 

8.&4 

9.900 

7.642 
7.620 

5.558 
5.167 

6.036 
5.905 

2.848 
2.310 

0.194 

0.398 
0.438 
0.695 

0.244 
0.317 

0.354 
0.540 

0.0675 

0.126 

0.1939 

0.249 

.0744 

. 158 

5.12 

3.08 , 
2.35 
1.32 

1 

3.45 
3.12 
1.99 
1.41 

8.25  

-1.09 

3.12 
2.37 

3.83 
1.29 

1 
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T A B U  I1 

in mixtures of N 0: Ar = 2:98,and N20:H2:Ar = 2:1:98 2 Determination of p t 

Total density: (0.8 - 1 . 1  x 
[NZO1i 

3 moles/cm 

No. T (OK) a 
1 2009 0. 42 
3 
4 
5 2212 0.48 

2085 0.48 
2100 0 .50  N 0:Ar = 2:98 2 

17 1910 0 .064  
18 1590 0 .083  
19 1965 0.063 
20 1995 0. 072 

N20:H2:Ar = 2:1:97 

'TABLE IV 

III were varied in the second group of teste. 
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SHOCK TUBE-MASS FILTER EXPERIKEWS ON LINUR TRIATOMIC MOLECULES 

R. Llnn Belford 

Department of Chemistry and Chemical Engineering 
Noyes Chemical Laboratory, University of I l l i n o i s ,  Urbana, I l l i n o i s  

Introduction -- U s e  of fast mass spectrometry t o  follow high-temper- 
a tu re  gas react ions i n  a shock tube w a s  first introduced by Bradley 
and KistlakowsQr(1) and Diesen and Felmlee(2) and has been exploited 
by several groups, a l l  of whom have used a time-of-fl ight mass spec- 
trometer. We have developed a combination of shock tube and Paul 
quadrupole mass f i l t e r  and are us1  it t o  study react ions of l i nea r  
t r ia tomic molecules akin t o  c o z ( 3 - 8  

i a t ed  w i t h  them a number of common problems. These include the  un- 
c e r t a i n t i e s  I n  temperature caused by our  partial ignorance of flow 
conditions through the sampling o r i f i c e  i n t o  the region of the elec- 
t ron  beam and of the r a t e  of gas c o o l i q  by thermal t ransport  t o  the 
end p l a t e  near the  sampling leak. 

advantages accompanying each pa r t i cu la r  mass analyzer. The time-of- 
f l ight device operates  on a cycle i n  which ion iza t ion  occurs f o r  
only a small f r a c t i o n  of t o t a l  react ion time ( typ ica l ly  about 1/400). 
T h i s  fea ture  limits s e n s i t i v i t y  and i n t e r f e r e s  w i t h  noise recogni- 
t ion .  However, one gets  a f u l l  mass spectrum every cycle and can 
e a s i l y  survey the species  produced in a complex reaction. While a 
Paul mass f i l t e r  could be b u i l t  t o  operate e s sen t i a l ly  i n  the same 
fashion, it would o f f e r  no obvious advantage. It is bes t  su i ted  t o  
the continuous ion iza t ion  and study of the de ta i led  time behavior of 
a single mass. Accordingly, mass f i l t e r  detect ion is a valuable 
technique f o r  the study of r e l a t i v e l y  uncomplicated systems, i n  which 
only a few species must be followed. It is a l s o  po ten t i a l ly  usefu l  
for inves t iga t ing  the establishment of flow from the  sampling arLfice 
and the approach t o  s teady s t a t e  conditions i n  the ion source. 

r e l a t ed  pyrolyses -- NNO and OCS -- and then consider together t he  
ex i s t ing  shock tube data on a l l  molecules of the same family. Of 
t he  severa l  s t ab le  linear t r ia tomic molecules having the same outer  
e l ec t ron  s t ruc tu re  as that of CO2, only four -- C02J N20, cs2J and 
OCS -- a r e  common and have been s tudied under high-temperature shock 
conditions.  Of these, only two -- CO2 and N20 -- have been s tudied 
extensively,  and desp i te  much progress i n  the pas t  4 years, there  I s  
sti l l  disagreement about some d e t a i l s  of tQjse decompositions. 

Each reactant 3%:- be =epiSSSiit,eci E ( z ) ,  wnere C is a calcogen 
atom and AB is i soe lec t ronic  w i t h  carbon monoxide. t low pressure, 
high temperature, and high d i l u t i o n  i n  an  i n e r t  gas ?MI, the f i rs t  
k ine t i c  s t ep  is c o l l i s i o n a l  exc i t a t ion  of the in t e rna l  modes of ABC 
followed b rap id  d i s soc ia t ion  of every s u f f i c i e n t l y  energized reac- 
t a n t  as fo9iows: 

Under some conditions of temperature and d i l u t i o n  fu r the r  s teps  can 
occur rapidly. The most important are (2)  and (3): 

All the mass spectrometric shock sampling techniques have assoc- 

In  addition, t he re  a re  spec ia l  d i f f i c u l t i e s ,  but a l s o  spec ia l  

Here I shall ou t l ine  t h e  pr inc ipa l  r e s u l t s  of our s tud ies  of two 

M + A B C ( 3  -. AB(% + C(%) + M. (1 1 
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C + A X  - CA + BC, 
ABC + C - AB + Cz. 

With the mass spec t ra l  techniques it i s  easy t o  follow a l l  of the 
possible species -- eg., ABC, C, M, CA, BC AB, C 2  -- and so deter-  
mine d i r ec t ly  the ro le  of s teps  such as (27 and ( 3 ) .  

Results -- In the ni t rous oxide study(3-5) 4s and 2$ mixtures of 
N 2 0  i n  A r  were shocked t o  temperatures between 1500 and 3500'K. 
A l l  species found were accounted f o r  by Reactions (1)-(3). 
s igna l  could be ascribed t o  fragmentation. Formation of Nz, NO, 
and 02 accompanied destruct ion of NzO i n  the proportion of about 
3:2:1:h. This suggests that  Reaction (1) is immediately followed 
by (2) o r  ( 3 ) ,  with equal probabi l i ty .  
t i ons  which we have looked in to  do not explain the observed d i s -  
t r i bu t ion  of species. 
over most of the temperature range ind ica tes  that of t h e  various 
reported ex ressions f o r  k2, the most reasonable i s  that of Fenimore 
and Jones(87 with an  Arrhenius frequency f ac to r  of 1014 cc/mole sec 
and an ac t iva t ion  energy of about 28 kcal. Essent ia l ly  the same 
expression would hold f o r  k3. The general  magnitude of these r a t e s  
has been ver i f ied  i n  a number of o ther  shock experiments(9-11). 
They show an e f f i c i e n t  atomic abs t rac t ion  process w i t h  a high ac- 
t i va t ion  ba r r i e r  which Implies s t rong repulsion between t r i p l e t -  
state oxygen atom and N20.  

Step (1) is o f  fundamental i n t e re s t .  In  order  t o  invest igate  
it, one must know how Reactions (2) and ( 3 )  a f fec t  the r a t e .  I n  
t h i s  case t h e  NzO starting concentrations were su f f i c i en t  t o  insure 
tha t  the i n i t i a l  r a t e  of NzO destruct ion w a s  2kl(M)(NzO) a t  l e a s t  
up t o  2500'K. A t  much higher d i lu t ions ,  however, Steps (2) and ( 3 )  
would be su f f i c i en t ly  slow t o  be ne l ig ib le  a t  small reac t ion  times, 
and the  i n i t i a l  r a t e  would be kl(M)?NzO). If the experimental %ti- 
vat ion energy f o r  Step (1) remains much higher than f o r  Steps (2) 
and ( 3 ) ,  a t  very high temperatures the near steady s t a t e  concentra- 
t i o n  of 0 atom w i l l  not e r ta in ,  and the r a t e  w i l l  drop from 
2kl(M)(N20) t o  kl(M)(NzO$. 
appl ies  i n  our experiments; thereforeg w e  give the rate expression 
establ ished f o r  the o i n t s  below 2500 K: 
vrith A = 1.2~10~ c c z o l e  sec JaT?, E = 60 kcal/mole, n * 5.1. 

of OCS i n  A r  were shocked t o  temperatures between 2000 and 3200'K. 
Typical ion current curves a r e  shown i n  Fig. 1, an  r e s u l t s  f o r  

O+, SO+, SZ+ were seen. 0 is  e n t i r e l y  accounted f o r  by fragmenta- 
t ion,  but the others  a re  not, except t h a t  at low temperatures CS+ 
comes exclusively from fragmentation of oCS. X l a t i v e  concentra- 
t i ons  of SZ and SO over a temperature ran e e s t ab l i sh  t h a t  the a c t i -  
vat ion energy f o r  (2) exceeds t h a t  f o r  (35 by ca. 19 kcal/mole. I n  
the 0.5$ mixtures, the r i s e  of S' s igna l  indicates  t h a t  a steady 
s t a t e  i n  S i s  not immediate and e s t ab l i shes  the  i n i t i a l  r a t e  of OCS 
disappearance as k l  ( M )  (OCS) .  From th i s ,  A - 1 . l ~ 1 0 ~ ~  cc/mole sec 
and n = 1.87, i f  E i s  taken as $0" = 71.5 kcal/mole. 
quant i ta t ive  behavior of the S2 , S+, and OCS+ ion  currents ,  we 
estimate k2 w 6 ~ 1 0 ' ~  $c/mole,,sec a t  2600'K. If the  s t e r i c  f ac to r  
f o r  t h i s  react ion is normal (0.1 or  greater) ,  the ac t iva t ion  energy 
i s  i n  the range 20-33 kcal/mole, and there  is a barrier t o  react ion 
of t r i p l e t  su l fur  atom w i t h  OCS tha t  is comparable t o  the correspond- 
ing  0 + NzO barr ie r .  

A l l  0' 

The chains and o ther  reac- 

That Reactions (2)  and (3) keep up with (1) 

It i s  not c e r t a i n  whether t h i s  s i t ua t ion  

kl = fi (E/RT)nexp(-E/lIT), 

I n  the carbonyl su l f ide  study(6,7) 4$, 2$, and 0.5% mixtures 

Step (1) are p lo t ted  i n  Fif. 2. Here the  ions OCS P , CO+, CS+, S+, 

From the 



l l2 .  

Given the magnitude of k2 so deduced, one can ca lcu la te  that a t  

Although the 2$ and 4% measure- 

t he  higher (2s and 4%) percentages of OCS, a near steady-state con- 
cen t r a t ion  of S atom would be establ ished almost immediately, and the 
measured r a t e  would be 2Br(OCS)(M). 
ments were less reliable because of t roubles  w i t h  so l id  sulfur ,  which 
deposited i n  the sampling or i f ice ,  the  data Indicated a r a t e  about 
twice that yielded by the  0.5% mixtures, except a t  the  up e r  end of 
the  temperature range, where the  values of kr from the  2$mixtures 
scattered about those from the 0.5$ mixtures. 

-- The most i n t e r e s t i n g  aspect of the  high-temperature study 
ecomposition of  t r ia tomic  molecules i s  the opportunity which it 

ca.n af ford  t o  inves t iga t e  some consequences of the details of col-  
l i s i o n a l  ac t iva t ion .  The s t rong-col l is ion assumption requires  that 
in the steady state a l l  bound quantum states of reac tan ts  are  pop- 
ulated i n  Boltzmann fashion, and that the probabi l i ty  of exc i t ing  
a molecule in to  an  unbound s t a t e  i s  proportional t o  the Boltzmann 
f a c t o r  f o r  the f ina l  s t a t e  but independent of i n i t i a l  (bound) s t a t e .  
Thus, t o  ge t  the r eac t ion  rate a t  low pressures,  one need only 
divide a l l  s t a t e s  into bound and unbound, apply the Boltzmann d i s -  
t r i b u t i o n  t o  al l ,  find the f r a c t i o n  of the Boltzmann population 
curve which covers unbound s ta tes ,  and mult iply by c o l l i s i o n  rate. 
Thus, one has ana riorl way of  pred ic t ing  reac t ion  r a t e  as a func- 
t i o n  of temperatuz- The rate should increase somewhat l e s s  
rap id ly  w i t h  temperature than would be predicted by an Arrhenius ex- 
t r apo la t ion  from low temperature. It i s  only at very high tempera- 
t u r e s  that one can expect the difference between the experimental 
and c r i t i c a l  (low-temperature ) ac t iva t ion  energy t o  become s igni f  1- 
cant. Thus, accurate  data on the temperature dependence of these 
reac t ion  rates under high-temperature shock conditions are potent ia l -  
l y  of grea t  fundamental i n t e r e s t .  

If the s t rong-col l i s ion  assumption I s  ser ious ly  at f au l t ,  then 
reac t ion  may proceed l a rge ly  by c o l l i s i o n a l  ac t iva t ion  of the high- 
energy bound molecules. This process, i n  turn,  may deplete  the 
populations of the upper bound l eve l s  and a c t  t o  l i m i t  the react ion 
ra te .  The e f f e c t  would be expected t o  increase w i t h  temperature and 
y i e ld  a negative cont r ibu t ion  t o  the experimental ac t iva t ion  energy. 

Accordingly, l e t  us examine per t inent  data so far  col lected on 
high-temperature a c t i v a t i o n  energies f o r  rupture of molecules of the 

In  the case of OCS, the  m i n i m u m  possible c r i t i c a l  ac t iva t ion  
CO2 family. 

energy I s  about 71.5 kcal/mole 
Our observed a c t i v a t i o n  energy 
64.5 kcal/mole. Since a t  2550 system of OCS is  
already exci ted by 15.5 kcal/mole and as the c o l l i s i o n  frequency 
involves cc e ~ e c t i v e  aeti-;ati~fi eiiei-w of (i;z jRT = 2.5 maiimole, 
t he  min imum expected over -a l l  ac t iva t ion  energy would be 71.5-13 = 
58.5 kcal/mole. On the  basis of any s t rong-col l is ion theory, which 
s t a t e s  that ac t ive  molecules are formed in a Boltzmann d is t r ibu t ion ,  
about 1.2RT = 6 kcal/mole i s  s tored i n  v ibra t ions  of the average 
ac t ive  molecule formed p u t t i  the expected minimum experimental 
ac t iva t ion  energy a t  64.5 kca3mole (48.51-6), i n  agreement with 
that observed. Therefore, accordlng t o  our current  knowledge of 
the  parameters involved in the OCS dissociat ion,  the st~Ong-COlli8iOn 

over -a l l  d i ssoc ia t ion  energy Do. 
the range 195O-315O0K is  



theory (such as the FElRM t r ea tden t )  is not i n  c o n f l i c t  w i t h  the  
experiment. However, we lack independent information about the c r i -  
t i c a l  ac t iva t ion  energy (which could be higher than the d issoc ia t ion  
energy, as i s  ap r e n t l y  the  case i n  NnO (5)) o r  the ac t iva ted  com- 
plex (bottleneck?configuration (which tel ls  ua how to  treat ro ta -  
t i ons  i n  the s t rong-col l is ion approach (7,12)). Therefore, predic- 
t i ons  based on t h e  s t rong-col l is ion theory may not be shown t o  agree 
w i t h  the  fac ts .  Indeed, our ca lcu la t lons  based on the RRKM theory 
(7) show t h a t  a low (-1%) c o l l i s i o n a l  acOivation e f f i c i ency  X 
required t o  f i t  the  observed rates, and this may be considere8 rea- 
sonable grounds for suspecting the s t rong-col l is ion model, as cer -  
t a i n l y  not 99 of every 100 col l is iorm are e l a s t i c .  To make X lar- 
ger, one has t o  assume a larger c r i t i c a l  ac t iva t ion  energy, wflich 
i n  t u r n  means that the experimental ac t iva t ion  energy shows a nega- 
t i v e  term not provided by the  s t rong*col l i s ioa  treatment. 

be e s s e n t i a l l g  the d issoc ia t ion  energy, Doo = 96 kcal%ole f o r  
SCS('Z) - CS( C) + S ( 9 ) ;  the  react ion proceeds through the  bent 
'A2 s t a t e  of CS2, which is s tab le .  

modes of OCS, and cor rec t ion  for the  temperature dependence of col-  
l i s i o n  frequency brings the possible  minimum expected ac t iva t ion  
energy t o  about 96. + 2.8 - 18.3 P 80.5 kcal/nole. 
c o l l i s i o n  approximation adds about 6.5 kcal t o  this, bringing the  
expected s t rong-col l ie ion ac t iva t ion  energy t o  about 87 kcal/mole. 
It I s  possible that a r o t a t l o n a l  cor rec t ion  i e  required (7,12), 
which might reduce th i s  by as much as 2 kcal/mole; regardless,  there 
i s  a discrepancy indica t i rg  the e f f ec t ive  ac t iva t ion  energy t o  be a 
b i t  too small t o  be explained w i t h i n  the  s t rong-col l is ion framework. 

a t  l e a s t  one employing an infrared detect ion technique(14), two in- 
volving u l t r av io l e t  absorption measurements (11,14 ), th ree  employing 
t ime-of-fl ight mass spectrometry, and ours using the quadrupole mass 
f i l t e r .  The various i n v e s t i  %tors  report  exper i ren ta l  ac t iva t ion  

which yielded 9 kcal /mle.  There appears t o  be an ac t iva t ion  bar- 
r i e r  t o  recombination, giving a c r i t i c a l  ac t iva t ion  energy i n  the 
v i c i n i t y  of 60 kcal/mole for N20('X) -. N2('X) + O ( 9 ) .  A t  the mean 
temperature of most of the  experiments (-225OoK), there  i s  roughly 
12.5 kcal  v ibra t iona l  exc i ta t ion ;  60-12.92.2 - 50 kcal/mole. With 
ac t ive  molecules being fonned with about 5 kcal average excess ener- 
gy, i n  the s t rong-col l i s ion  model we lnight expect an r c t i v a t i o n  

of about 55 kcal/mole; ro t a t ion  would decrerre  it by 1-2 enerY kcal 7 ) .  Fig. 3 shows deta from various s tud ies  f i t t e d  t o  a least- 
squares Arrhenius l ine .  It would be hard t o  reconcile the experi- 
ments wi th  the s t rong-col l is ion resu l t .  The discrepancy i n  act iva-  
t i o n  energy is  about 4RF. The apparent co l l l o iona l  ac t iva t ion  ef-  
f ic iency a l so  i s  very small. 

Several shock s tud ie s  of OCO decomposition are on record; a l l  
have been done by spectroscopic techniques. The experimental a c t i n -  
t i o n  energies from severa l  of the  studies a m  a6 follows: 

is 

I n - t h e  case of SCS, the  c r i t i c a l  ac t iva t ion  ener i s  sure t o  

The ex erimental  ac t iva t ion  
energy has been reported 13) as 80.3 kca lAo le  over the range 1800 
t o  3700'K. A t  2850 '~  1 .3 kcal/mole l a  s tored i n  the v ibra t iona l  

The strong- 

The large number of shock tube s tudies  on MpO rupture include 

energies rang1 from 30 t o  f 9 kcal/mole, except f o r  one s tudy(l1)  
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1 
Eexp TL I --_- Ref e rence T 

15 2 5 0 0 - ~ 0 0 0 ~ ~  6 kcal  . 95 3 - 3  
16 2850-4200 95.5 110 2.2 

D~O-E,(S.C. 1 
RT E,(s.c.) <RT> 

moo-5000 84.5 1: I 3500-6000 74.5 
6000-11000 62 

99 
92 
93 

3.2 
3.7 
2 ..l 

Here, E,, 
and Ea(s .E . )  denotes t h e  c r i t i c a l  ac t iva t ion  energy which, on a 
s t rong-col l is ion model, would be computible w i t h  the  given E,, . 
Notice t h a t  the  h i  hes t  experimental ac t iva t ion  energy obta lne i  i s  
s t i l l  30 kcal b e h  minimum dissoc ia t ion  energy, 126 kcal/mole. 

- In general, the  preponderance of k ine t i c  information so f a r  
obtained w i t h  shock experiments on low-pressure dissociat ions of 
l i n e a r  t r ia tomic molecules a t  high temperatures indicates  a smaller 
temperature coe f f i c i en t  of rate than is predicted by the  strong- 
c o l l i s i o n  theory of v ib ra t iona l  ac t iva t ion .  However, more precise  
experimentation should be done. The e f f e c t  is  evidence of e i t h e r  
some f a i r l y  widespread systematic e r r o r  i n  shock measurements (such 
as a temperature e r r o r )  o r  some ser ious breakdown of the (strong 

denotes experimental ac t iva t ion  energy (-denk/d(l/kT)) 

c o 11 is ion ) theory . 
ca lcu la t ions  on var ious s tochas t ic  weak-collision models f o r  exc i ta -  

Recently, Tardy and Rabinovitch(20) have reported a s e r i e s  of 

t i on .  They found that  the s t rong-col l i s ion  rate expression requires 
a cor rec t ion  f ac to r ,  8, which proved t o  be f a i r l y  insens i t ive  t o  the 
d e t a i l s  of the p a r t i c u l a r  model chosen and pr inc ipa l ly  dependent on 
<AE>/cE+>, where <bE> denotes the  average energy t ransfer red  per 
down c o l l i s i o n  and 43% denotes the mean energy of the ac t ive  mole- 
cu les  i n  the s t rong-col l i s ion  model. Ignoring any dependence of 
<AE> on temperature, we f ind  that f o r  B between 0.2 and 0.01, 
-dl?n8/d(l/RT) < -2 RT. There i s  t h u s  some t heo re t i ca l  j u s t i f i c a -  
t i o n  f o r  blamiiig an abnormally la rge  high-temperature f a l l o f f  of 
experimental a c t i v a t i o n  energy on a weak-collisional energy t r ans fe r  
process . 

~ Conclusion -- Measurements of temperature dependence i n  the r a t e s  of 
unimolecular reac t ions  of small molecules i n  the second-order (low 
pressure ) region o f f e r  exc i t i ng  and heretofore unexplolted opportuni- 
t i e s  t o  invest igate  c e r t a i n  aspects  of the c o l l i s i o n a l  ac t iva t ion  
process. However, p rec ise  data and pa r t i cu la r ly  r e l i ab le  tempera- 
t u re  measurements are necessary. The considerable disagreement among 
various labora tor ies  i n  the  case of the  react ions discussed here i s  
rima fac i e  evidence that  accuracy s u f f i c i e n t  t o  the purpose has not 

f k i i - r m e l y  a t t a ined  by most shock tube grcrltps. xeverthe:sss, 
tneere is a general p a t t e r n  of anomalously low ac t iva t ion  energies 
at very high temperatures which suggests a weak-collision process 
w i t h  react ive deple t ion  of the upper bound leve ls .  
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Figures 

Sample, experimental oscil loscope traces of ion cu r ren t s  
from shocks OCS 0. I n  A r ,  -2800~~. A:OCS+. B:CO+. 
C:S+. D:S2$. E:CS? F:SO+. The smooth l i n e  is a signal  
from a thin-film resistor i n  the  shock tube end w a n .  -- - 
Fine marks appear on the bottom l ine,  200 Psec. apar t .  
Typical adjustment of S+, CS+, and C@ dynamic i n  current  
curves t o  correct  f o r  OCS fragmentation. 
Second-order rate constants  (kr ) f o r  the disappearance of 
OCS, 0.5s i n  A r .  Open c i r c l e s  correspond t o  i n i t i a l  pres- 
sure of 6 ton; shaded ones, 8 ton. The l i n e  i s  the  r e s u l t  
of a quantum RRRM ca lcu la t ion  f o r  an assumed c r i t i c a l  activa- 
t i o n  energy of 71.5 iccai/moie, and XD - 0.01. 
Arrhenius p l o t  of second-order r a t e  constants (2k r )  d i s -  
appearance of  N20, 1-4s i n  A r .  +:Our data. Other symbols 
denote other  l abora to r i e s .  S o l i d  l i n e :  k = lor2" exp(-35.4 
kcal/RT mole), from least-squares  f i t  w i t h  half-weighting 
of our data.  Dotted l i n e :  w i t h  equal weighting of a l l  
data. 
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Fig. l a  Sample, experi-  
mental oscil loscope t races  
of ion currents  from 
shocks, O C S  0.5s i n  A r ,  
-2800~~. AiOCS+. B:COf. 
C:S+. D:S2 . E:CS+. 
F:SO+. The smooth l i ne  
is  a s igna l  from a thin-  
f i lm r e s i s t o r  i n  the shock 
tube-end w a l l .  Fine marks 
appear on the bottom l ine ,  
200 psec. apart .  

Fig. l b  Typical a d j u s t -  
ment of s+, CS+, and CO+ 
dynamic In current curves 
t o  correct  f o r  OCS frag- 
mentation. 
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Fig. 2. Second-order r a t e  
constants ( k l )  f o r  the d i s -  
appearance of OCS, 0.5s i n  
A r .  Open c i r c l e s  correspond 
t o  i n i t i a l  pressure of 6 torr;  
shaded ones, 8 torr. The l ine  
is the r e s u l t  of a quantum 
RRKM calculat ions f o r  an as- 
sumed c r i t i c a l  ac t iva t ion  
energy of 71.5 kcal/mole, and 
XD w O,Q1 

Fig. 3. Arrhenius p l o t  of 
second-order r a t e  constants for  
( 2 k ~ )  disappearance of N20, 
1-4% i n  A r .  +:Our data. 
Other symbols denote other  
labora tor ies .  Sol id  l i n e  : 
k = 1012'4exp (-35.4 kcal/RT 
mole), from least-squares 
f i t  w i t h  half-weighting of 
our data. Dotted l i ne :  w i t h  
equal weighting of a l l  data. 



A SHOCK TUBE STUDY OF THE RADIATIVE COMBINATION OF OXYGEN ATOMS 
BY INVERSE PREDISSOCIATION 

B. F. Myers and E. R. Bartle 

Space Science Laboratory, General Dynamic s/Convair 
San Diego, California, 92112 

Absolute emission in tens i ty  measurements of the radiative combination of 
oxygen atoms, 0(3P), i n  the temperature range between 2500°K and 3800°K are pre- 
sented. 
in te rva ls  i n  the wavelength range between 2300A and 451lA. 
in tens i ty  was found t o  be proportional t o  the square of the oxygen atom concen- 
t r a t i o n  and t o  be characterized by an activation energy of 2 8 . w . 2  kca l  mole-l. 
These r e su l t s  are interpretated i n  terms of an inverse predissociation mechanim 
i n  which the oxygen atoms combine along a repulsive poten t ia l  energy surface with 

s ta te  of molecular oxygen and a subsequent radiative 

The emission in tens i ty  was recorded sgnultaneouFly i n  six spectral  
The absolute emission 

a t rans i t ion  t o  the B3 
t rans i t ion  t o  the  oxygen. The r a t e  const n t  f o r  the 
overall  radia ive 
f 2200/RT) cm3 mole-l sec-l  fo r  the wavelength range 2300A t o  5000A. 

was found t 8  be 4 . 3 & O 8  exp(- 28900 

I. INI%ODUCTION 

Measurements on the radiative combination of oxygen atoms, q 3 P > ,  i n  the 
temperature range between 2500°K and 380OoK are presented. This radiative process 
was f i r s t  observed during an investigation' on the radiative combination of atomic 
oxygen and carbon monoxide. 
t o  the  t o t a l  emission in tens i ty  occurred a t  wavelengths below 4500A i n  the  
presence o f  oxygen atoms only. 

I n  the l a t t e r  case, it was found t h a t o a  contribution 

I n  the present experiments, absolute emission in tens i ty  measurements of the 
radiation result ing from the combination of oxygen atoms were made by shock heat- 
ing O3 + A r  gas mixtures t o  temperatures i n  the range c i t ed  above and t o  pressures 
between 0.5 and 2.0 atm. 
six spectral  in te rva ls  i n  the wavelength range between 2300A and 45llA. 
emission in tens i ty  behind the  shock f ront  a t  the time of essent ia l ly  complete ozone 
decomposition was correlated with the oxygen atom concentrations a s  determined by 
numerical calculations. 

The emission in tens i ty  w a s  record@ simultqeously i n  
The 

11. MPERIMErnAL 

The experiments were conducted with the 3 inch, in te rna l  diameter shock tube 
f a c i l i t y  and the associated opt ica l  system and gas handling system previously 
emp1oyed.l For the measurement of the emission in tens i ty  of the radiative combi- 
nation of oxygen atoms, the  six sl i ts  i n  the  image plane of the spectrograph had 
the  center wavelengths and bandpas+s given I n  Table I. 
l i s t e d  have an e r ro r  of less t$an 3A. 
spec t ra l  in te rva l  between 2300A and 25OU, two Dumont 7664 photomultipllers with 
S-13 spectral  responsg and fused s l l l c a  VindOws were employed, and i n  the  spectral  
i n t e rva l  between 3000A and 4 5 d ,  four RCA type P28, photomultipliers with S-5 
spectral  response, two of which had quartz windows, were employed. The response 
of the detector system was l inear ly  r e b t e d  t o  Incident radiation' and output 
signal for  each spectral  channel was not affected by radiation t r a n m l t t e d  i n  the  
other channels.' 
of a calibrated tungsten ribbon filament lamp) The en t i re  op t ica l  system was 

The wavelength values 
Fgr detection of incident radiation i n  the 

The output signals were c a l l  rated i n  terms of the steradiamy 



m. 
anclosed in a light tight box which could be flushed with PS t o  avoid absorption 
of the &tted r sd ia t lon  by air. 

!The gas mirtures of 4 and Ar were prepared from Matheson Co. supplies of Ar 
(ultra Mgh puri ty  m) containing less than E ppm of contaminants and from 
LiqW Uarbo~Ic O2 (e lec t ro ly t ic  laboratory grade) containing l e s s  than 10 p m  of 
contanbmts. The ozone was synthesized from the oxygen in a s t a t i c  ozone gener- 
ator.2 The gas mix tures  .prepand contained from 1s t o  18% of 03. 
analyeis of the ozone in t he  prepared gas mlrtures w a s  made by a standard ti; 
t r a t i o n  procedure.3 For each experiment the t e s t  gas mixture was shock heated 
wiWn three minutes follarlng addition t o  the shock tube, and a semple of the  
mixture w a s  withdrawn from the shock tube for ozone analysis one minute before 
shock b a t i n g  the mixture. 

900% 
a t  l e a &  
the Incident shock w-me to fom atomic and molecular oxygen. The concentrations 
of corygen atoms and molecules were determined f o r  each experiment by a numerical 
calculat ion based on an assumed decomposition mechanism and corresponding element- 
ary reaction ra te  constants a s  discussed below. The numerical calculations were 
made using the Cornell Aeronautical Laboratory normal shock wave computer progrern 
The calculations were performed on an IBM 7090-70!34 computer. 

The qu&itative 

The O3 t Ar mlxtures were shock heated t o  temperatures between 25OOoK and 
pressures between 0.5 anti 2.0 atm. kt these temperatures ami pressures, 
of t he  ozone had decomposed within 0.1 psec (par t ic le  t i m e )  behind 

4,5 
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An oscillogram of the recorded emission in t ens i t i e s  i s  shown i n  Figure 1. 
For this experiment, a mixture of 6% + 94% Ar was shock heated t o  an i n i t i a l  
temperature of 3048OK and a pressure o 7 1.41 atm; this temperature snd prearmre 
correspond t o  t ranslat ional ,  ro ta t iona l  and vibrat ional  equiUbrium of the mixture 
with frozen chemical reactions.  
Figure 1, the  center wavelength and spectral  i n t e rva l  are given i n  Angstrom units. 
The shock f ront  a r r i v a l  1s indicated by the sudden rise Is t he  upper t race  of 
Figure Ib which shows the response of a heat r e s i s to r  gauge mounted i n  the shock 
tube wall  at the cross section of the  radiat ion measurement. 
the detector system i s  
channel with a center wavelength of 3002A for which the  response time i s  20 psec 
(laboratory time). To obtain the emission in tens i ty  inrmediately a f t e r  essent ia l ly  
complete ozone decomposition which occurs within 0.1 psec (par t ic le  time) of shock 
front  a r r i v a l  a t  the obsemation station, the  emission-time p ro f i l e s  are extrapo- 
la ted  pract ical ly  t o  zero time. l&merical calculat ions demonstrate that a f t e r  the 
ozone decomposes, the  concentrations of atomic and molecular oxygen and the temper- 
ature change slowly under the present experimental conditions toward an equi l lbr im 
state .  
initial rise in signal, the signal was e i the r  constant or Unearly increasing or  
decreasing slowly for 50 t o  150 psec (laboratory time), el lov ing for the noise in 
the si@; the extrapolation was based on t h i s  port ion of the trace. 

Opposite the  beginning of each channel t race i n  

The response time of 
15 psec (laboratory time) for a l l  channels except that 

For that  portion of the emission intensity-time prof i le  following the  

Tbe extrapolated values of the signals near zero time were coxrverted t o  in -  
t ens i ty  values for each spec t ra l  channel (I) by us- the f o l l o m  relation: 

w h e r e  S i s  the extrapolated oscillogram signal in vol t s ,  CiJ the ca l lbra t ion  
fac tor  b .watts str-1 1-1 cm-2 V-1, determined from the measured o s c i ~ s c o p e  
signal comesponding t o  the known steradiancy of the  standardized, tungaten ribbon 
filament lamp in each wevelength internel of the spec t ra l  channels, d(= 7.70 cm) 

I 

I 

I 

\' 



121. 

the diameter of the shock tube and Ri, the r e f l ec t iv i ty  a t  the center wavelength Of 

Chamel i of the shock tube wall opposite the observation s ta t ion  window which 
serves a s  a bounding plane t o  the op t i ca l  f i e ld .  
t i v i t y  on the wavelength which was determined i n  two independent experiments6 and 
the normalization of the in tens i ty  with respect t o  the diameter of the  shock tube, 
d, have been discussed prev1ously.l 

The de2endence of the  reflec- 

The values of I computed a s  described above, are shown i n  Table 11; also 
given are the initid conditions, the shock velocity and the ca l ibra t ion  fac tors  
f o r  each spectral  channel. 

Contributions t o  the observed emission in tens i ty  from molecular oxygen, argon 
o r  impurities i n  the t e s t  gases were examined by shock heating argon and oxygen- 
argon mixtures t o  temperatures up t o  3 6 0 0 ~ ~  No signal was observed with shock- 
heated oxygen-argon mixtures u n t i l  significant decomposition of the molecular 
oxygen t o  form oxygen atoms occurred; with shock-heated argon, aos igna l  was observ- 
ed only i n  the  spectral  channel with a center wavelength of 451lA. This signal 
was a transient lasting about 50 psec (laboratory t h e )  and was apparently caused 
by an impurity i n  the argon o r  by residual gases i n  the shock tube. 
the extrapolation procedure t o  the  data fo r  t h i s  channel, the oscillogram trace fo r  
t(1aboratory time) < 50 psec was disregarded. However, when the extrapolation was 
made using tha t  portion of the trace for  which t(1aboratory time) 21501.~sec, a lower, 
but not significantly different value of the signal w a s  obtained. The in t ens i t i e s  
corresponding t o  the l a t t e r  signal values are only considered below i n  connection 
with Figure 7. 
t race  by the transient signal fo r  t(1aboratory time), 50 psec, although t h i s  i s  
d i f f i cu l t  t o  establish because of the signal noise. 

I n  applying 

This difference could indicate a contribution t o  the  oscillogram 

For each experiment, the oxygen atom concentration Imedia te ly  behind the 
shock front was determined by a numerical calculation based on the following 
react ion mechanism: 

M = 02, 0 Ar (m) 3' o3 + M z= o2 + 0 + M 
o + o  c o 2 + 0 2  3 
O 2 + M = 2 0 + M  M = A r  (R3) 

The forward r a t e  constants f o r  these reactions were pa r t  of the input data f o r  the 
computer program4 while the  reverse reaction r a t e  constants were calculated from 
thermodynamic data and the forward reaction r a t e  constants as  pa r t  of the computer 
program. The ra te  constants for  reactions R1 and R2 have been deduced from experi- 
ments on the thermal decomposition of ozone a t  temperatures between 3 4 3 O K  and 
383OK i n  s t a t i c  e x p e r i m e n t s 7 ~ ~  and a t  temperatures between 689OK and glO°K i n  shock 
tube experinrents.9 
determined i n  the low temperature expe r imen t s .7~~  
a t  tem eratures above 2500°K involves a large extrapolation and recent experi- 
mentslf; indicate t h a t  the  r a t i o  kl/k2 i s  a s  much a s  f ive  times smaller than the 
extrapolated value i n  the  approximate range of temperatures between 1500°K and 
2800'K. 
Arrhenius f o n n . 7 3 ~ 9  It w i l l  be shown below, however, t ha t  this discrepancy i s  
prac t ica l ly  resolved fo r  the present experiments by using the r a t e  constant fo r  
reaction Rl i n  the form corresponding t o  the ~nshelwood-Rice-Ramsperger-Kassel 
theory of uni-molecular reactions a s  given by Jones and Davidsong an the  r a t e  
constant for  reaction R2 i n  the co l l i s ion  t eory form, i.e., k = A ! d 2  e-E/m, 
based on the data of Benson and Axw0rthy.7,~ The values of the  parameters i n  these 
r a t e  constant expressions f o r  reactions Rl and R2 are given i n  Table I11 i n  the 
group labelled se t  11; i n  the group labelled set I, the  values of tk parameters 
f o r  the ra te  constants expressed i n  the Arrhenius form are given f o r  reactions R1 

The re la t ive  e f f ic ienc ies  of Ar, 02 and 03 i n  reaction R1 were 
The use of these r a t e  constants 

This co lusion i s  based on r a t e  constant expressions given i n  the 
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& R2. 
glven i n  Table mj however, exclusion of the  data f o r  from the numerical cal-  
culat ions did not slepllficantly a l t e r  the calculated oxygen atom concentration a t  
the time of essent ia l ly  complete ozone decomposition. To. reduce the machine com- 
puting time, the calculat ions were stopped a f t e r  greater than 994s ozone decompo- 
s i t i o n  and the  f ina l  oxygen atom concentration w a s  determined by a l inear  extrapo- 
l a t i o n  based on the concentration of- the ozone remining and on the r a t e  of oxygen 
atom production per unit ozone concentration in t h e  last  machine integration step. 
Also in making the numerical calculations, the assumption was adopted that  the 
vibrat ional ly  excited oxygen, formed in reaction R2,u had no ef fec t  on the de- 
camposition of ozone. 
about 0.1psec w h i l e  the vibrat ional  relaxation time for oxygen in the  prese50,32 
experiments was between 0,.1 and 1.0 psec as estimated from the available data. ) 

I n  Table IV, the  computed oxygen atom concentrations and the temperatures 
a f t e r  ozone decmposition are given. FNlm data in Tables II and IV, it was found 

The r a t e  constant paremeters f o r  the  forward dFrection of R3 are also 

c he chemical relaxation time f o r  ozone decomposition was 

tha t .  
( 2 )  

where Ii i s  the  emission in tens i ty  i n  w a t t s  str-l L-l cm-3 obtained by extrapolat-  
ing the emission-time p r o f i l e s  on the  osciLlograms of shock heated 0 
t o  the time immediately f o l l o w i n g  shock front a r r i v a l  a t  the observaGion station, 
Ti, a constant for  each spec t ra l  channel and (0), the atomic oxygen concentration 
i n  moles cm-3. 
i n  Figure 2. The concentration-normalized, absolute emission intensi t ies ,  ri axe 
functions of the  temperature only and the logarithms of ri are found t o  be l inear ly  
re lated t o  the  reciprocal of the  absolute temperature. This i s  i l l u s t r a t e d  i n  
Figures 3 and 4 for  the six spectral  chanuels employed (see Table I). 
drawn through the data points  are the  least squares f i t s  t o  the data  and the v e r t i -  
c a l  bars Indicate the standard deviation a t  the 90% confidence level. 
r, plot ted in these f igures  were calculated according t o  equation 2 w i t h  oxygen 
atom concentrations determined from numerical calculations using the r a t e  constants 
f o r  Rl, R2 and R3 given in set II of Table III. When the oxygen atom concentratios 
were calcula ed using the  r a t e  constants in the Arrhenius form as given i n  the 

the i n i t i a l  ozone concentration a s  shown i n  Figure 5.  In  this figure,  the Unes 
drawn through the data points  are  the least squares f i t s  f o r  each i n i t i a l  OZOM 
concentration, (0 )o. 
ponding t o  a partqcular i n i t i a l  ozone concentration. 
3 and 4, the dependence of Ti on (03)o can be made insignificant by Introducing a 
reasonable pre-exponential temperature dependence in to  the r a t e  constant ex- 
pressions for reactions R1 and R2. For each i n i t i a l  ozone concentration, the data 
for each spectral  channel a s  shown in Figures 3 and 4 are found not t o  be signifi- 
cantly different  a t  the  gO$ confidence l e v e l  based on the standard deviations 
determined f o r  the l e a s t  squares f i ts  t o  the data at constant (03)o and $. 

the act ivat ion energy E$, i n  the re la t ion  

+ Ar mixtures 

Three examples of data plotted according t o  equation 2 are shown 

The lines 

The values of 

l i t e r a t u r e 7 ~  8 39 and in Table I11 as set I, the values of Ti were found to  depend on 

In Figure 5 ,  equation 2 i s  vaUd f o r  each set of data corres- 
However, a s  shown I n  Figures 

Fm;n the temperature dependence of Ti, as shown in Figures 3 and 4, values of 

-Ei/RT 
Ti = Ai e (3) 

were determined for  each spec t ra l  in te rva l  employedj the r e s u l t s  a r e  shown in 
Table V. .There i s  no s ignif icant  dependence a t  the 
act ivat ion energy on the  wavelength. 
the corresponding standard deviation are  28.6 and 2.2 kcel  mole-l, respectively. 

confidence leve l  of the 
The average of these act ivat ion energies and 

Rate constants corresponding t o  the  overal l  radiat ive combination of. oxygen 
atoms, i.e., f o r  the process 
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0 + 0 - O2 + hv (R4 1 
were calculated a t  f ive  temper tures  and then combined i n  an Arrhenius expression 
t o  obtain the value ko= 4.31OS exp(- 28900 f 2200/RT) cm3 mole-1 sec-l f o r  the 
wavelength range 23OOA t o  5OOOA. 

IV. SUMMARY AND DISCUSSION 

Absolute in tens i ty  measurgments werz made of the emitted radiation i n  the 
wavelength region between 2300A and 451I.A; t h i s  radiation was observed by shock 
heating mixtures of ozone and argon t o  temperatures between 2500°K and 3800'K. 
The presence of oxygen atoms was necessary t o  observe t h i s  rad ia t ion  and the 
absolute emission in tens i ty  was found t o  be proportional o n l y  t o  the  square of the 
oxygen atom concentration a t  a given temperature. Furthermore, t he  temperature 
dependence of the absolute emission in tens i ty  normalized with respect t o  the  square 
of the oxygen atom concentration could be characterized by an activation energy of 
28.9 & 2.2 kca l  mole-l. 

These observations can be rationalized i n  terms of the poten t ia l  e n e r a  curves 
for oxygen a s  shown i n  Figure 6; the curves presented here were selected from the  
diagrams of Cilmore.l3 
oxygen atoms, O(3P), which may then combine along several po ten t ia l  energy surfaces. 
Such a process would be proportional t o  the square of the  oxygen atom concentratioq 
a t  l ea s t .  The fact  tha t  the radiative process observed has an activation energy of 
28.9 f 2.2 kca l  mole-' leads t o  the  following suggested mechanism. 
s ta te  oxygen atoms combine along a repulsive poten t ia l  surface with a subsequent 
t r ans i t i on  t o  the B 3 q  s t a t e  of molecular oxygen; the radiative t rans i t ion  from 
the l a t t e r  s t a t e  t o  the ground s ta te ,  X 3 c ,  then occurs. The vibrational leve ls  
of the  B3G s ta te  from which the transiti&x originate l i e  a t  v S 4., This con- 
elusion i s  based on the f a c t  t ha t  the energy difference between the v 

The thermal decomposition of ozone produce s ground s ta te  

The ground 

1 = 4, J = 0 
s ta te  and the  ground s ta te  of the oxygen atoms i s  30.68 kcalmde- 

i m i t  t o  the experimental activation energy i s  31.1 kcal mole-1 a t  

The mechanism described i s  the reverse of a predissociation mechaniq suggest- 
ed14 t o  account fo r  observations made during the photolysis of O2 a t  1&9A. I n  
t h i s  case, molecular oxygen i s  excited t o  the B 3 q  s ta te  and predissociates along 
a repulsive potential  curve t o  yield two oxygen atoms, O(3P). 
chemicall5 and spectroscopic16 evidence has been obtained t o  support t h i s  pre- 

Additional photo- 

, dissociation mechanism. 

There are two other mechanisms f o r  the  radiative combination of oxygen atoms 
which are not significant for  the shock tube experiments. I n  one of these, ground 
electronic s ta te  oxygen atoms combine along the poten t ia l  surfaces leading t o  the  
A3e, c lG or-C3% s ta te  of O2 with subsequent radiative t rans i t ions  t o  the  
staves, 
between 25638 and 4880A)gand also perhaps several of t e other possible t rans i t ions  
have been 0 b s e r v e d l 7 J ~ ~ J ~ g  i n  flow systems containing atomic oxygen a t  low 
pressures and near room temperature. However, t h i s  mechanism i s  inconsistent with 
the present experimental observations since ( a )  a near zero activation energy i s  
predicted i n  contrast t o  the observed activation energy of 28.9 kca l  mole-1, and 
(b) the contribution of the  02 Herzberg bands t o  the measured emission in tens i ty  
i s  estimated t o  be l e s s  than 3$ of the t o t a l  Intensity. 

f o r  the radiative combination of oxygen atoms t o  give the  O2 Herzb rg  bands i s  
extrapolated t o  temperatures greater than 2 7 0 ° K  by assuming a T-172 dependence, 
this r a t e  constant becomes a t  l ea s t  30 times smaller than the rate constant derived 
from the present experimental data. 
tensity,  I(Schumann-Runge)/I(Herzberg), may be estimated t o  be greater than 130 on 

X3Fg o r  t o  b!I?. One t r ans i t i on  ( A 3 q  - X 3 g  i n  the wavelength range 

The l a t t e r  conclusion ma 
be demonstrated i n  two ways. I f  the value of the room temperature r a t e  constant lir 

Alternatively, the  r a t i o  of the  emission in-  
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the  b a s i s  of a simpufied mechanism a s  shown i n  Appendix A. 
nlan, the  oxygen atoms combine along the poten t ia l  surface of the B 3 q  state of o2 
a f t e r  collisional excztation of one of the atoms, O(3P) -. O(lD); the  radiative 
Oransition 3% -. X3% subsequently occurs. 
with the present experimental observations since (a )  an act ivat ion energy of about 
45 &al mole-' 1s predicted and t h i s  i s  s ignif icant ly  greater  than the observed 
act ivat ion energy, and (b) the spec t ra l  in tens i ty  d is t r ibu t ion  r e s u l t i y  from t h i s  
m chanian i s  unlikely t o  result i n  t rans i t ions  originating only from v i 4 of the 

I n  the szcond mecha- 

. This mechanisn i s  also inconsistent 

B 3 s t a t e  of 02. 

3 On the assumption t h a t  t he  observed t r ans i t i on  i s  B 
of the  experimental and theore t ica l  r e l a t ive  spectral  d i s t r ibu t ion  c u q e s  indicates 
tha t  the observed rad ia t ive  t r ans i t i ons  originate primarily from the v = 0 and 
1 levels of the  B 3 q  sta%e. 
of 2632OK, 3030°K and 3571OK; the experimental data are represented by discrete  
symbols and the  theore t ica l  data  are represented, fo r  the  sake of c lar i ty ,  by 
curves which pass through the data calculated fo r  the experimental spectral  in te r -  
va ls  which the hnrizn&l_tql bms wen. The v e r t i c a l  bars tkiro-igh tine symbvis re- 
present the standard deviat ion a t  the 9 6  confidence level .  
c a l  comparison, the theore t ica l  r e l a t ive  spectral  d i s t r ibu t ion  curves were ve r t i -  
ca l ly  adjusted so as t o  cpincide with the experimental absolute spectral distri- 
bution curve a t  A, = 3OO2A. The three curves a re  calculated fo r  t rans i t ions  
or iginat ing from v '  = o and 1, 0, 1 and 2 and 0, 1, 2 and 3 and i n  t h i s  order 
demonstrate an increasing deviat ion of the p e o r e t i c a l  calculations from the 
experimental data a t  wavelengths below 3000A. 
are calculated as described above; the error i n  these data  are too large t o  permit 
a comparison with the various theore t ica l  r e l a t ive  spectral  d i s t r ibu t ion  curves.) 
However, the  comparison i s  imprecise and is only employed here t o  introduce the 
po s s i ? i l l t y  that the ob served radiat ive t rans i t ions  may or iginate  primarily from 
the Y 
a s y & i o n s  of thermodynamic e q ~ i l i b r i u m , ~ ~ ~ * ~ ~ ~ 3  of the smeared ro ta t iona l  kine 
model J 2 3  and of L?J 
These assumptions are not s t r i c t l y  va l id  f o r  use i n  a comparison with the present 
experimental data. 
truncation of the population d is t r ibu t ions  i n  the vibrat ional  and ro ta t iona l  levels 
near the  crossing l eve l  (i-e.,  near an intersect ion of the poten t ia l  curyes i n  a 
cer ta in  low approximation, see ref. 25) which would introduce a perturbation i n  
these dis t r ibut ions.  In the  co  erse case of a predissociation mechanism, such a 
perturbation has been observed29vand corresponds t o  tha t  predicted27 i n  dissoci- 
a t ion processes. 

-X3$, a comparison 

"he comparison i s  shown in Figure 7 f o r  temperatures 

In  making t h i s  graphi- 

(The double points  a t  Ac = 45111 

= 0 and 1 levels of the B 3 g  s ta te .  In making the calculations,21 the 

0 f o r  a l l  vibration-rotation t r a n S i t i 0 1 1 S ~ ~ J ~ ~  were employed. 

A t  the l ea s t ,  the  inverse predissociation mechanism predicts  a 

Qualitatively, the statement may be made tha t  calculat ions which include 

2 2 w i l l  replt i n  a predicted in tens i ty  greater  than observed a t  wavelengths 
sfgnificant contributions by t r ans i t i ons  or iginat ing i n  vibrat ional  leve ls  with 
v 
l e s s  than 3000A. 
942 pf  the observed radiat ion occurs i n  the wavelengt9 range between 2640A and 
4400A; this i s  expected fo r  t r ans i t i ons  solely from v 
mation tha t  the t rans i t ions  occur only a t  the c l a s s i ca l  turning points of the 
poten t ia l  curve lo r  the B 3 q  s t a t e .  
v ibra t iona l  levels  which contr ibute  t o  the emission in tens i ty  ,observed i n  a given 
spectral  interval ,  the  strong influence of t r ans i t i ons  from v 2 2 on the in3ensity 
i s  indicated, fo r  example, i n  the wavelength in t e rva l  between 22691 and 233U 
(Channel 119 Table I) by the r e l a t ive  increase in the  Franck-Condon factors; f o r  
the l eve l s  v 
fac tors  a re  roughly i n  the  r a t i o d  lt10:1@:103r~103, respectively. 

!Chis i s  corroborated by noting that, at T = 3O3O0K, foroexample, 

= 0 and 1 t o  the approxi- 

Also, for  t r ans i t i ons  from the various 

= 0, 1, 2, 3 and 4, he re la t ive  magnitudes of the  Franck-Condon 

From the  experimental absolute spec t ra l  d i s t r ibu t ion  curves and the comparison 
with theore t ica l  re la t ive  spec t ra l  d i s t r ibu t ion  curves, the ten ta t ive  conclusion was 
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reached tha t  radiative t rans i t ions  Originate primarily f rom the v ibra t iona l  leve ls  
v i  = 0 and 1. 
28.gii 2.2 kcal mole-', the  conclusion i s  reached t h a t  vibrational leve ls  a s  high 
as v = 4 may possibly be occupied by newly formed oxygen molecules i n  the  B 3 Q  
state.  The re la t ion  between these conclusions can be quali tatively understood on 
the bas i s  of two factors. According t o  the f i r s t  factor, there i s  a preferen t ia l  
t r ans i t i on  from one t o  another po ten t ia l  surface in to  s t a t e s  with large values of 
J (or IT) and small values of v(< 4), i.e., molecules of O2 are formed with con- 
siderable angular m~rnentum.~g 
dependence associated with the vibrational deactivation of the  newly formed oxygen 
molecules; inclusion of this fac tor  i n  the analysis would resu l t  i n  a value of the 
energy required t o  reach the crossing point smaller than the experimental ac t i -  
vaction energy. 

On the other hand, from the experimental activation energy of 

The second fac tor  accounts for the temperature 

These fac tors  w i l l  be discussed br ie f ly .  

The preferen t ia l  formation of 02 i n  s t a t e s  of large J and m a l l  v may be under- 
stood i n  terms of the  effective poten t ia l  curves30 a s  shown schematically i n  
Figure 8 rather than i n  terms of the poten t ia l  curves f o r  a non-rotating molecule 
such a s  those shown i n  Figure 6. 
f o r  given v values (v = 0 i n  Figure 8) the poten t ia l  curves cross a t  higher energy 
values f o r  larger values of J when the selection ru le  &T = 0 i s  taken in to  con- 
~ i d e r a t i o n . 3 ~  Therefore it i s  possible t o  observe an activation energy fo r  
molecule formation which 
a l  l eve l  occupied (v = Y , J = 0) as  w a s  implied i n  the conclusions stated above. 

The effective poten t ia l  curves i l l u s t r a t e  tha t  

greater than the energy corresponding t o  the vibration- 

The contribution t o  the temperature dependence of the absolute emission in-  
t ens i ty  by the vibrational deactivation of newly formed O2 molecules can be shown 
with the  a id  of the following mechanism! 

(R5)  
(R6 1 
037) 
(R8,R9) 
(UO,RU 

* 
0 + 0 z! 02(v/ = 1) * 

02(vJ = 1) + M Z= 02(v1 = 1) + M 
02(vJ = 1) + M z! 02(vi = 0) + M 

02(v' = 0,l)  + M t O2 + M 
02(vd = 0,l) -. O2 + hv 

* /  where 02(v = 1) i s  a n e w l y  formed molecule i n  the  v' = 1 level  of the B 3 q  s ta te  
with the ro ta t iona l  energy corresponding to,the crossing level, 02(vd= 0 or l), a 
molecule with l e s s  rotational energy than 0 ~ ( ~ & 1 ) ,  and 02, a molecule i n  the ground 
electronic s ta te ,  X 3  
in tens i ty  can be der%ed 

. For this mechanism, the following expression f o r  the emissjon 

-5. -6 -7 .9 
when k- represents an allowed t r ans i t i on  ("-5 - ld-1 ~ e c - l ) , ~ 5  and other r a t e  
constanzs have the values a s  estimated (see Appendix B). When account i s  teken of 
the temperature var ia t ion  of the bracketed term, the  activation energy assigned t o  
k5 becomes - 1.5 kca l  mole-1 smaller than otherwise i n  accordance with the esti- 
mated values of the r a t e  constants. 
found on this bas is  a l so  t o  be lower than t h a t  corresponding t o  the  experimental 
activation energy. It may be noted tha t  the var ia t ion  of the  bracketed term of 
E q .  (4)  is primarily a r e su l t  of the temperature coefficient of the  vibrational. 
deactivation process represented by 9. If, however, the oxygen may be formed 
i n  several vibrational l eve l s  directly,  the  e f f ec t  of vibrational deactivation 
becomes negligible i n  the  approximations used here. 
ing two reactions are added t o  the  above mechanism 

Thus the  energy l eve l  of the crossing i s  

For example, i f  the follow- 

t 
0 + 0 02(vd = 0) 

oE(v' = 0) + M =Z 02(vJ  = 0) + M (m3 1 
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then the emission in tens i ty  expression becomes 

' ( 5 )  

& t h e  dependence of I on 'fa can be n e g l e ~ t e d . 3 ~  The reverse of this case occurs 
i n  &$edissociation when a b --off i n  successive vibrat ional  levels  is observ- 
ed. 
several  vibrat ional  levels of interest ,  the energy difference of the  breahing-off 
points  i s  found to be large in predissociation. If the  reverse of this process 
were obsemed i n  the inverse predissociation mechanism, considered above, it would 
imply t h a t  the observed act ivat ion energy is an average over the energy levels  
corresponding t o  the several crosslng points.  

If the radiat ive t rans i t ions  observed i n  the present experiments originate 
primarily from vibrat ional  l e v e l s  v'  = 0 and,1 of the B 3 q  state, then predissoci-  
a t ion ought o be obsemed a t  l e a s t  in the v = 2 level.  Several spectroscopic 

of oxygen. Whi? interpretat ion of these experiments does not include p r a i s s o c i -  
a t ion  from,the v = 2 level,  there i s  not general  agreement33 t h a t  predissociation 
from the  v = 2 l eve l  is excluded. 
absorption y d  demonstrated predissociatlon i n  leve ls  from v 
maxima at v = 4 and 11 and a minimum a t  v' = 9 In the  probabili ty f o r  pryl issoci-  
ation. Furthermore, from t h e  investigation* of the  predissociation a t  v 
and 5, the  t rans i t ion  was found t o  be allowed and t h e r e f ' 0 r e l ~ j ~ r 3 ~  could be 
represented a s  B 3 q  - 3nu. On the  basis of calculations, Van$e+ice, Mason and 
Misch33 believe the 3nU curve crosses a t  the  bottom of the  B & curve and then 
rises along the  l e f t  hand branch of the  l a t t e r  curve; the  interpretat ion of the 
present experiments is in bes t  agreement with t h i s .  In postulating t h i s  potent ia l  
curve shape, these authors r e j e c t  the explanationG t h a t  the abnormal widths  found 
i n  absorption f o r  the ro ta t iona l  llnes in the  2-0 and 1-0 bands of the Schumann- 
Runge bands r e y l t  from a b l e d n g  of fine structure and imply  tha t  predissociation 
occurs i n  the v = 0, 1 and 2 levels.  
s u g g e ~ t e d l ~ , 1 ~ , 3 ~  require a predlssociation a t  v 5 3; the above experimental 
r e s u l t s  could only be s t r i c t l y  i n  agreement with this requirement if  a sy2ternatic 
e r ror  e x i s t s  i n  the r e l a t i v e  spectral  intensi ty  measurements for A S 3000A. A t  
the present, no such er ror  has been ident i f ied.  Furthermore, this disagreement 
would be reduced where the potent ia l  curve shape is such tha t  tunneling i s  

In  potent ia l  curves of the form of those i n  Figure 8 but including the 

# 

p=elrbe~%s 2 j32 h m e  kc? t o  t h e  obsem=ttion o r  predisscciat ian in the B3r- s ta te  

The spectroscopic studie? were conpcted in 
= 3 t o  v = I 2  with 

= 3, 4 

Other p o t y t i a l  curve shapes t h a t  have been 

important. 32 

The spectral  resolution in the  present experiments was too mall t o  permit 
In the  oxxgen system of 

o t e n t i $ l - c y s  (Figure 6) there  are two allowed t rans i t ion5  B3& - X3Gu and 
spectroscopic ident i f ica t ion  of the  radiat ing species. 

3nU - X  4. 
would shl t t o  lower wavelengths a t  higher t_emperat_ures. 
observed (see Figure 7), the t rans i t ion  B3G -. X 3 s  w a s  asslrmed t o  be t h a t  one 
detected i n  the present experiments. 

The l a t t e r  t rans i t ion  would r e s u l t  i n  an emission continuum which 
Since this is not 

APPEND= A 

To estimate the r a t i o  of the emission intensi ty ,  I (Schumann-Runge)/Ibrz- 
berg), the following sfmpllfied rnechanlm is assumed t o  apply t o  both radiat ive 
proce sse s I * 

o + o = o & I  (JQ 
o2 + M = 0': + M * 
0; + M - o2 + M 

0; - 02 + hv 
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where 02 i s  a newly formed molecule i n  e i t h e r  the B3G or the  A3$, c1G or  C341 
s ta tes ,  03, a s tabi l ized molecule i n  one of these states and 0 , a molecule i n  t h e  X 3 5  state .  If k2, k-2, and k3 are assumed t o  be ident ica l  a d  larger  than k4 M'l 
for  each of the four electronic s ta tes ,  then the  r a t i o  of the  emission in tens i t ies  
w i l l  be. 

'SR '4,SR '1,SR -l,H , 130 
%I ( kh,H)(kl,H)('-l,SR) 

* 

(A51 

where k4 

re ese 
e - 3 8 ~ o ~ R T / ~ Z l ,  with Z1, the co l l i s ion  number, 3/7 the r a d 6  of $i$ s t a t i s t i c a l  
weights for  formation of 02 i n  the respective electronic s t a t e s  from which the 
Schumann-Fhnge or  Herzberg 02 band t rans i t ions  originate, and the  probabili ty 
of the  radiationless t rans i t ion  from the  respulsive t o  the bound s ta te  assumed t o  
be equal t o  the  t rans i t ion  probabili ty f o r  the reverse process.35 

18J20; (k-l,H/k-l,SR) - 1 0 ~ ~ / 1 0 ~ , ~ ~ , ~ ~  assuming k-: t o  
m/k4 > 10 , 
an ahowed radiat ionless  d e c o m p ~ s i t i o n ~ ~ ;  and (k =/k ) - 3 Z 1  

APPENDIX B 

Estimates of the ra te  constants for reactions R6 t o  Rll were made as  follows. 
For k6 and k-6, rotat ional  deactivation and act ivat ion were assumed t o  occur a t  

vibrat ional  deactivation was estimated using the empirical re la t ion  of Millikan 
and Whiteu i n  the following form 

(B1) 
where the starred quant i t ies  re fer  t,o the  excited s ta te ,  B3G and the unstarred 
quant i t ies  t o  the ground s ta te ,  X3%; 8 i s  the  character is t ic  o s c i l l a t o r  temper- 
a ture  and pr ,  the  pressure-relaxation time product. The values of r were e s t i -  
mated from data on T-V process for 02-O2= and O2-ArU and from the vibrat ional  
relaxation of 0, by d-o w i t h  the following expressions 

iog(pT)* = (e*/e14/3 log p 7  +s~(e* /e)~/3 - 11 

- 
7-1 - -1 -1 -1 - xo2 702-02 + xo ro2-o + XAr 7O2-Ar 

where Xi i s  the mole f rac t ion  of i and rx-y, the  relaxation time of x i n  the  
presence of . For the mixtures em loyed, the aver e o f  t h e  estimated values of 
k7(= 7 - l  M-'? were Y1Ou and 6Xld cm3 mole-' sec' a t  25OO0K and 35OO0K, re- 
spect ivel  . The act ivat ion rate constant, k-7 was estimated from 
mole-l/R!C$. The r a t e  constants f o r  e lectronic  deactivation, k an3%, were found 
t o  be 4.y1@ and 5.l81@, cm3 molem1 sec-l at 25OO0K and 358OoK, respectively 
on the assumption tha t  one i n  one hundred collisions was e f fec t ive  for  t h i s  
process, Finally, the radiat ive r a t e  constants, klo and kU, were estimated using 
the re la t ion  

exp(- 1970 c a l  

k = ~1.l = l oO13X10d  c q(v', v") v3(v',vN) (B3) 

where q i s  the Franck-Condon factor  for the  t rans i t ion  v'  -. v" and V i s  the wave 
number, evaluated head in  the  approximation employed. For both klo and 
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T&BLF: I: SPECTRAL ClIANXEL CFXlW WAVEUXTHS AND BANDPASSES 
Channel 

4 A 62 102 200 206 208 202 

TABLE 111: FORWARD RATE CONSTANPS, k(a) 
Set I Set I1 - 

Reaction A n Ea A n 'a -- 
l a  03W3 - 02+oto3 7 23.15 10.guCl&d -1.25 24.35 
l b  03+02 - 202+0 5 . 8 W d 4  0 23.15 5.15X1Ol8 -1.25 24.35 
IC 03iAr - 02+O+Ar 3.76Xd4 0 23.15 3.12Xd8 -1.25 24-35 

3 O2tM-2c+M 1.1gX1s1 -1.5 118.0 l.lgXlgl -1.5 118.0 
2 o+03 - 202 3.Wld-3 0 5.60 1.04x1& 0.50 5.288 

(a )  k = ATn 
mole-1. 

units for A, ~ r n ~ r n o l e - ~ s e c - ~  or crn6rnole-2sec-1, for Ea,kcal 

TABLE IV: OXYGEN ATOM CONXNCRATIONS AM, TEMPERAWRES 

(0)x 107 
Run mole cm-3 

1.620 
1015 1.640 
1016 2.192 

101.8 0.8171 
1019 1.626 
1020 2.482 
1021 0.8370 
1022 1.131 
1023 2.186 
1024 3.349 

1017 . 2.449 

A ,w 
2300 
2500 
3002 
3506 
4010 
4533 

- 

2976 
2969 
2990 
2939 

2738 

2824 
2841 
2883 

2691 

2718 

Run 
1026 
1027 
1028 
1029 
1030 
1031 
1034 
103 5 
1036 
1039 
1040 

(0)x 107 
m o l e  cm-3 

0.973 
2.218 
3 360 
1.500 
0,7501 
2.238 
1.415 

2.ll9 
0.7102 

2 . q  
1,086 

(0)x 107 
mole cm-3 
1.084 
2.101 
1.067 
2.776 
1.422 
1 - 3 6  
0.3471 
0.5163 
0,7712 
0.7963 
0*635'+ 

T,oK 
3390 
3835 
3767 
3335 
3728 
3530 
3309 
3205 
2755 
2494 
2965 

TABLE V: 
-6 

THE TWERATURB DEPENDElCE OF Io 

E ,kcal,iole-l -1 8-1 3 -2 
i cm mole AiXLO , w a t t  str 

1.14 29-8 
7.42 27.4 

89.1 30.4 
119.2 27e8 

47.1 31.1 
7-38 25.1 
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POTENTIAL DESTRUCTIVENESS OF GAS DETONATIONS 

J. N. Murphy, N. E. IIanna, D. S. Burgess, and R. W. Van Dolah 

Explosives Research Center 
Bureau of Uines 

U. S. Department of the Interior 
Pittsburgh, Pennsylvania 15213 

Background 

The potential destructiveness of gas detonations was evaluated in terms of the 
depth Of earth that could be heaved when various gas mixtures were detonated in 
long underground excavations. A number of years ago, a spectacular destruction of 
26.8 miles of underground pipeline in Texas was ascribed to the occurrence of a 
detonation. The pipeline had carried crude oil and was being cleaned by forcing 
a scraper plug along its length with compressed air. It is not known whether the 
event was a gas detonation or a heterogeneous detonation of a film on the wall.i/ 
The intermittent cratering that occurred seemed curious but now may be explained 
in terms of the impulse needed to heave the earth cover. No explanation can be 
offered for the apparent low velocity of propagation indicated by the total elapsed 
time. An average velocity of only 296 feet per second was reported. 

This investigation primarily covered propane-air, acetylene-air and tdAPg-/air 
mixtures. In some cases a partial pressure of oxygen greater than In air was 
employed. Limits of detonability were obtained from plots of propagation velocity 
versus fuel concentration in a 7-inch diameter by 12-foot long pipe which was closed 
at both ends. Impulse, which determines the momentum that can be imparted to a 
load, was measured from pressure versus time transients in a 24-inch diameter by 
163-foot long steel pipe that could be closed at one end. The soil mechanical 
problems related to earth movement were studied in hand-dug tunnels of 3 foot x 
5 foot cross-section and 150 feet length incorporating right angle turns and side 
entries. 

Detonation Velocities and Limits of Detonabillty 

Fuel/air mixtures were admitted to the 7-inch apparatus of figure 1 by the 
partial pressure method, recirculated via the sideline for 10 minutes, and sampled 
for gas chromatographic analysis. A solid explosive initiator ranging from 1.1 
grams PETN to 100 grams tetryl was detonated and the velocity of the resulting 
ionization wave was measured between velocity stations with electronic time-interval 
meters. 

A plot of this wave velocity versus fuel concentration is given in figure 2 for 
MAPP/air mixtures. Velocities in excess of 1400 meters/sec indicate detonation while 
velocities of about 1000 meters/sec or less are obtalned from shocks accompanying 
deflagration. The difference is clearly shown by the pressure traces of figure 3, 
wherein trace A indicates deflagration with pressure rising over a period of about 
25 milliseconds while in trace B the first pressure pulse is the strongest. 

Limits of detonabi1it.y as defined by this method are somewhat sensitive to the 
strength of the initiator. Thus, the detonable range for MAPP/air widens appreciably 
as the initiator is increased from 1 to 10 grams PETN (table 1). Both propane/air 
and acetylene/air detonate over the full reported range of flammability when initi- 
ated with 10 grams PETN. 
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pressuretire Transients and Impulses ' 

m e  major part of the experimental program was carried out using the 24-inch 
steel tube ehom in figure 4. 
into the 260 cfm output stream of a gasoline-powered blower, which stream was passed 
throud~ the tube to give three changes of atmosphere. 
preaarue measurements were accomplished at five stations spaced evenly along the 
length of the pipe. 
at the upstream end of the pipe near the end closure. 

Fuel was retered through calibrated spray nozzles 

Gas sampling and detonation 

Initiation was typically effected with 100 grams tetryl, usually 

Pressure transients at the f ve stations were compared with predictions de- 
dealing with one-dimensional gas detonations. 3 4$ rived from standard reference- 

Figure 5 shows the predicted transient for stoichiometric acetylene/air at a point 
60 feet from an initiation source at the closed end of a 150-foot long pipe. The 
peak (C-J) pressure was assumed to be twice the constant volume explosion pressure 
and this proved to be a fairly accurate assumption for measurements within 2 stations 
(53 feet) of the initiation. For example, with 7.2 percent MAPP in air, the pre- 
dicted peak was 281 psig while nine measurements averaged 278 +6 psig. 
distance from the initiator, peak pressures became progressively m x e  erratic as 
t t m p  the detonation were departing from its one-dimensional character. 

At greater 

The gas expansion behind the C J  plane was calculated by Taylor's equations 
using an equilibrium g a m a  which was typically about 1.17. This gave excellent 
agreement with experimental pressures in the static gas zone, however, the duration 
of the gas expansion (from D to E in figure 5) was typically underestimated by about 
20 percent. Neither this deviation from prediction nor the erratic peak pressures 
were of any practical consequence to the impulse of the explosion. 

The duration of the pressure plateau, Eli in figure 5, was about 20 percent 
overestimated because no account had been taken of the three-dimensional expansion 
Of the wave as it emerged from the open end of the pipe; that is, the interval FG 
in the figure should actually be shorter than indicated and the rarefaction starts 
back through the pipe at an earlier time than G. Since the dominant factor in the 
tine interval EH is the velocity of sound in the burned gases, off-stoichiometric 
mixtures with lower burned gas temperatures had relatively long pressure histories 
and high impulses. This trend is shown in table 2; note that 4.9 percent W P  in 
air is close to stoichiometric while 3.4 percent W P  is the reported lean limit of 
flammability. 

I 

Par the same reason, propane/air and gasoline/air mixtures had impulses com- 
parable to.those of acetylene/air and HAPP/air even though their pressure peaks 
were lower. Thus, the average of impulses at the 5 pressure stations in 6 MAPP/air 
detonations was 7.7 psi sec, in'6 propane/air detonations 7.4 psi sec and in 3 
gasoline/air detonations 7.5 psi sec. 

When both ends of the pipe were open, the pressure plateau was nearly eliminated. 

In 7 MAPP/air detonations the average impulse vas only 3.2 psi sec and in 5 
This is shown by the transients of figure 6 (compare curves C and D with curves A and 
B). 
acetylene/air detonations 3.1 psi sec. Even a partial temporary closure, as exempli- 
fied by loose-fitting sandhngs in the ends Ur' i i ie pipe, brought the average impulse 
(for 7.2 percent YAPP/air) back to about 6.3 psi sec. 

No particular difference in average impulse could be detected as a result of 
initiating the detonation at the longitudinal midpoint of the tube or simultaneously 
at the two ends. 
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I was deposited on the walls) could participate in the post-detonative reactions to 

, apparent part in the explosion. 

1 In the dry-walled steel tube, suspended aluminum powder (even though much of it 

give about 50 percent greater impulse. 
But in dirt tunnels, the powder was collected on the damp walls and played no 

Comparative values are given in table 3. 
i 
I 

, Destructiveness of Gas Detonations to Earthen Structures 

In field tests, a surprising fraction, usually 50-100 percent, of the impulse 
of the explosion was converted into motnentum of the overburden. This means that 
soil mechanical factors such as plasticity and shear strength were unimportant so 
that the overburden was behaving essentially as a frictionless piston. When the 
earth velocity was made to exceed 20 ft/sec, as measured at ground level by Fastax 
photography, the tunnel usually failed. Because of the weakness of end closures, as 
compared with an end plate on a steel pipe, the largest impulse attained in the field 
was about 6 psi sec and the greatest depth of burden defeated by a single gas detona- 
tion was 8 feet. 
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TABLE 1. - Limits of Flammability and of Detonabilitp 

Mixture Initiator Flammable Range Detonable Range 

-- Propane/air Spark 2.1 - 9.5% 
lo g PETN 

10 g PETN -- 2.0 - lorn 

lo g PETN 

2.2 - 9.2% -- 
-- Ace tylene/air Spark 2.5 - 100% 

W P / a i r  Spark 3.4 - l 0 . W  -- 
1 g PETN -- 4.1 - 7.6% 

2.4 - 13.7% -- 
*Hembree,,J. O., et al, Welding Journal, May 1963. 

TABLE 2. - Plateau Durations, Plateau Pressures, and Impulses 
of MAPP/Air Detonations in 24" Diameter by 163' 
Long Steel Tube with Initiation End Closed 

YAPP Plateau Duration (milliseconds) Averaged 

(%) #1 #2 #3 #4 #5 Pressure (psig) (psi sec) 

3.4 71 54 35 12 2 85 6.8 
4.9 58 46 32 15 -- 103 8.9 
6.1 64 49 35 14 -- 98 8.3 
8.7 64 52 33 14 -- 99 7.8 

Concentration at Instrument Stations Plateau Impulse 

TABLE 3. - Impulses Obtained in Detonations in the Steel 
Tunnel with and without Added Aluminum Powder 

Gaseous Closure of Aluminum Impulse 
Fuel Initiation End (#422) (psi sec)* 

Acetylene 
Acetylene 
Acetylene 
Acetylene 

Open 

Closed 
Closed 

open 
None 3.0, 3.9 
2 lbs on floor 4.5 
None - 3.9 
2 lbs on floor 6.5 

MAPP Open None 3.4 
YAPP Open 2 lbs suspended 5.6 
MAPP Closed None 4.3 
W P  Closed . 2 lbs on Zloor 6.6 

*As measured at a station close to the open downstream end of the tunnel. 
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INITIATION OF CONDENSH) EXPLOSIVES BY GAS DETONATION' 

Y. L. Weiss, T. J. Schellinger, and E. L. Litchfield 

Explosives Research Center 
Bureau of Mines 

U. S. Department of the Interior 
Pittsburgh, Pennsylvania 15213 

Introduction 

There are two ways in which stimuli may induce detonation in secondary explo- 
sives. A strong shock may cause detonation with an induction time of a few micro- 
seconds, i.e., time intervals of a few microseconds between application of the 
stimulus and the appearance of detonation. 
ulus may initiate reactions that begin as a deflagration and accelerate to detonation. 
The acceleration of the reaction occurs as a consequence of increasing pressure, or 
self-pressurization, produced by the hot, gaseous decomposition products. Mainte- 
nance of pressure for periods of 10's to 100's of microseconds, as may be required 
to obtain detonation from weak initiation stimuli, is achieved by confinement of 
the explosive sample. 

A weaker shock or a purely thermal stim- 

Although such confinement is usually provided by high-strength metallic con- 
tainers, for short periods of time it can also be a consequence of inertial effects. 
If low-strength confinement surrounds the explosive sample the acceleration of the 
confinement material is directly proportional to the pressure seen by the explosive 
sample and inversely proportional to the confinement mass per unit area of explo- 
sive sample. At early times, the expansion and escape of product gases are limited 
by the low velocity of expansion of the container and self-pressurization of an 
explosive sample may be maintained for considerable periods. Inertial confinement, 
or self-confinement might be provided by a large pile of explosive to a reaction 
initiated within the interior of the pile. 

Examples of the first type of stimulus are initiation by other condensed phase 
explosives and by projectile impact. Initiation of detonation in condensed explo- 
sives has been studied using strong shocks across air gaps1 or through inert 
barriers2 l3  and by determining projectile impact initiation  parameter^.^^^ r6  
Threshold initiation shock pressures for condensed explosives range from 1 to 100 
kbar. An example of the second type of stimulus is that of thermal ignition 
transforming to detonation in the conf ined explosive. 9 8  

This paper describes results obtained with an initiation source producing a 
stimulus that is continuously variable from less than that required to ignite explo- 
sive flours to more than that required to detonate pressed pellets. The initiation 
source is the detonation wave produced in gaseous mixtures of stoichiometric ethylene- 
oxygen (C2E4 + 3 02). 

Until recently, gas detonation waves free from incandescent solid debris had 
tn tw nhteinet! by ri~y-:; i~ 2 dets-atizr :,5e.9.1ns11,12 
unattractive, inconvenient in use, or restricted in use by the run-up characteristics 
of the gaseous mixture. In Bureau of Mines' studies, gas detonations have been 
obtained without run-up in a detonation tube and without explosive det0nat0rs.l~ 

such tubes were economicaiiy 

One possible difference between the shock from a projectile and the gas detonation 
shock is the difference between a "cold" and a "hot" shock. In the first case, tem- 
perature increase in the condensed explosive sample is entirely a consequence of 
mechanical interactions and conversion of translational energy Into heat. 
second case, there is additional thermal energy in the hot ethylene-oxygen combustion 

In the 
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products. Phenomenological analysis and experimental results indicate that the 
transport from the hot gases is negligible when the explosive is initiated within 
1 p  sec. 

Experimental Procedures 

The test container was a 17.8 cm length of 1-inch schedule 80 pipe, reamed 
to an inside diameter of 2.54 cm. Explosive samples were positioned at one end of 
the tube and the wires to initiate the gas detonation were positioned near the 
other end. 

The detonable gas mixture was 25 percent ethylene and 75 percent oxygen as 
determined by partial pressures. Gases were injected into the evacuated chamber 
through 1/16-inch orifice fittings for mechanical mixing and 20 minutes was allowed 
for additional diffusional mixing. Gases were from commercial cylinders and were 
used without further treatment. Initial pressures of the prepared gas mixture were 
from 3 to 85 atm gage. Initial pressures less than 3 atm were obtained by reducing 
a 3-atm mixture to the desired pressure. 

To initiate the gas, a 0.15 mm (No. 35 B&S) copper wire, 2 cm long, was exploded 
with the discharge from a 1.5 pf condenser charged to 5.5 kv or more (25 joules 
energy, or more) using a hydrogen thyratron switch. Control trials in which the 
wire was exploded with inert gas plus condensed explosive gave no evidence of debris 
impingement or reaction of the explosive. 

Representative particle size analyses of the floured or granulated materials 
are given in table 1. Particle sizes and distributions under the test conditions 
may have been slightly different. Gas was injected through orifices to produce 
turbulent, circulatory gas mixing. This injection must have disturbed the surfaces 
of the unpressed samples with some increase of "fines" occurring at the top of the 
sample. 

The unpressed flour or granulated samples were prepared by pouring a standard 
weight of material into the test vessel and tapping lightly to level the sample 
surface. Standard weights were: 10 gm PETN,* 10 gm RDX,** 13.2 gm tetryl,*** or 
14 gm Composition A5.**** Direct determinations of possible densities in the tested 
charges of floured or granulated explosive have given: for PETN - 0.40 to 0.69 gm/cc; 
for neat RDX - 0.67 to 0.91 gm/cc; for Composition A5 - 0.93 to 1.02 gm/cc; and for 
tetryl - 0.93 to 1.14 gm/cc. As initially prepared in the test vessel, densities 
were near the larger figure in all cases and these are the numbers quoted in the 
tables. The particle size distributions of table 1 imply adequate porosity to permit 
pressure equilibration within the floured or granulated sample by gas flow during 
loading of the detonable gas mixture. Thus, the gas charging pressure would not 
affect, per se, the density of the charges. As was the case with particle size 
data, the effect of the gas jet mixing action upon the charge density is not known. 

Pellets of Composition A5 and of tetryl were prepar=d and tested at pellet 
densities of 1.6 gm/cc and 1.4 gm/cc. Pellets of PETN + 1 percent graphite were 
tested at densities of 1.6 gm/cc. All pellets were 1 inch long. Comparative 
tests of P E m  and PETN + 1 percent graphite, both in flour form, did not reveal 
any noticeable difference in sensitivity resulting from the graphite addition. 

* Pentaerythritol tetranitrate. 
** Cyciotrlmrthylenetrlnltramlne (hexahydro-1,3,5 trinitro-s-trlazlne). 
*** 2,4,6-trinitrophenylmethylnitramine. 
**** RDX + 1% stearic acid coating material. 
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Yeasurenents were made-of the pressure-time history at the initial explosive 

surface until detonation, location of first appearance of significant reaction, and 
the propagation velocity on the axis. 
pressure transducers14 and continuous wire probes. l5 

, The resistive transducer was a composition resistor of 0.1 watt rating. The 
variation of resistance w i t h  loading pressure has been established in Bureau of Mines 
investigations .I4 The approximate constancy of the calibration over periods of about 
100 psec after applicatiaq of the gas detonation shock stimulus has been established 
in one inatance by direct comparison with strain gage measurements. This result 
provides justification for reading a "pressure at detonation" at the time that 

These data were obtained from resistive 

I 

detonation is shown by the velocity probe. / 

The wire probe consisted of a fine, nichrome axial wire helically wound with a 
nylon filament for insulation from the surrounding, collapsible alminum tube. 

cation of the physical location of the shorting pofnt. Rates of change of the probe 
resistance were proportional to the velocities of the pressure front. For trials 
at charging pressures greater than 14 atm gage, the probe record displayed the tine- 
position loci in both the gaseous and the solid phases. I 

Collapse of the aluminum tube altered the probe resistance and gave a direct indi- / 

Results 

The explosive flours or granules were observed to react in three different ways 
depending upon the explosive and the gas charging pressure. At higher gas charging 
pressures, supersonic reaction was induced with a time delay 5 1  microsecond. At 
lower pressures, significant chemical reaction was evident only after a delay of 
several microseconds and detonation commenced at some distance below the original 
surface of the explosive sample. At still lower pressures, granular tetryl or 
Composition A5 was not initiated to self-sustaining chemical reactions even though 
a portion of the sample might have been consumed in the test. 

Test results are summarized in table 2 where charging pressures are given for 
the reaction modes of the several samples. PETN flour samples at a density of 0.7 
g d c c  required.detonable gas mixture charging pressures of 20 atm, gage, to initiate 
detonation with induction times 5 1  psec. At charging pressures of 0 atm gage the 
flour was initiated to lower order reaction and transited to detonation after con- 
siderable delay (_>200 psec). 
charging pressures of 85 atm gage to produce detonation within 1 psec of the impact 

gm/cc PETN pellet was not initiated to self-sustaining reaction, 

When pressed to a density of 1.6 gm/cc, PETN required 

' of the detonation wave. At charging pressures less than about 9 atm gage, the 1.6 

The initiation sensitivity for RDX and tetryl rrlso reduced with increasing 
density as would be expected. In the unpressed, flour or granule form the ordering 
of the sensitivities, S, is 

spEm [p= 0 . 7  gm/cc] >sm [p= 0.9 gm/cc] "t e t ry 1 [p' 1.0 p/cc] ; 

this ordering appears applicable to both the production of detonation with 5 1  Psec 
deiay ana to the feii i i ie to prcxh~e  P self-sustained reaction. 
sensitivities appears to apply when pressed pellets of nearly equal density are 
compared; and is the same ordering as found by drop-weight impact16 and by projectile 
impact .6 

The same ordering of 

The detonation velocities observed in the present tests were similar to those 
reported b 
Yitche1l.lil With a gas charging pressure of 2 atn gage, PETN flour was initiated 
to a velocity of 3.5 mm/ psec after a delay of 4 vsec; 8 psec later this velocity 
accelerated to the stable value, 4.8 ma/psec. When RDX flour was initiated to 

Hampdon and Stresaul' with the qualifications noted by Jones and 

\ 

I' 
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detonation with 12 atm gage gas charging pressure, the initial velocity was about 
2.6 mm/psec; after 4psec, acceleration to the stable velocity, 5.4 mm/psec, 
occurred. With 2 atm gage charging pressure, a subsonic reaction rate of 0.3 
mm/psec in the RDX accelerated to the stable value, 5.4 mm/Psec, after 30Psec. 
With 16 atm gage, tetryl flour was initiated at a velocity of 2.8 arm/psec, and 
with 6 atm gage, 1.55 rmn/psec was observed. Acceleration to the stable, high 
rate of 5.3 mm/psec did not occur. This result is presumed to be a consequence 
of the dimensions of the explosive sample.18 

When detonation occurs after induction times of several microseconds, it is 
to be expected that details of the hot gas-solid explosive-confinement interactions 
are important in determination of the course of the reaction. It was observed that 
after the initial pressure pulse impingement, the pressure remained nearly constant 
for several microseconds and then increased at a high rate. The high rate of 
pressure increase is seen first as a series of spikes probably due to individual 
pressure wave interactions followed by an approximately exponential rise to quite 
high values of pressure. The high values of pressure in the container following 
the exponential rise are of the same order as detonation wave pressures to be 
expected in the condensed sample. 

Associated with incidence of the approximately exponential rate of increase 
in pressure, was an increased rate of propagation as shown by the velocity-probe. 
Comparison of records obtained with various initial gas charging pressures showed 
that the pressure at appearance of the high rate could be correlated with the explo- 
sive density and with the explosive type. As an example, with PETN flour and a 
charging pressure of 0.7 atm gage, the induction time was 24 psec and the vessel 
pressure at appearance of detonation was about 2 kbar. With the same type of explo- 
sive sample but a charging pressure of 20 atm gage, the induction time was about 
1 p  sec and the pressure in the vessel at appearance of detonation was again about 
2 kbar. This type of observation of a critical pressure for the occurrence of 
detonation is supported by the results of Price, Wehner, and Roberson.'l 

Table 3 compares pressures for the appearance of detonation as determined in 
this study, to the shock pressure required to initiate unconfined charges as given 
by, or derived from, the results of o t h e r C ' i n v e s t i g a t i ~ n s . ~ ' ~ * ~ * ~ ~ ~ ~  
conformity of measured values from such diverse techniques strongly suggests that 
the tabulated pressures are indeed critical pressures for the occurrence of deto- 
nation. The individual values of table 3 and of table 4 are offered as represent- 
ative data. Additional experience with the sensors and additional experimental 
data are required before the results are considered to be more than semiquantita- 
tive. 

The reasonable 

Application of Results to a Large-Pile of Explosives 
Under Conflagration Conditions 

A. Assumed Stimulus is a Gas Detonation External to the Pile 

The stoichiometric mixture of ethylene and oxygen must be charged to pressures 
of 20, 26, or 26 atmospheres respectively in order that the gas detonation be able 
to induce detonation in PETN, RDX, or tetryl flours with delay times of about 1 

Buildings, bins, or containers capable of withstanding more than 275 pslg 
are economically and architecturally incompatible with the storage of tons of 
explosives. 

psec. 

Concern, then, is entirely with pressures of approximately zero psig for such 
a detonable gas mixture. Table 4 summarizes induction times as functions of 
detonable mixture charging pressure for F'ETN and RDX. 
was not initiated to detonation at charging pressures below 3 atm gage.) Induction 
times of PETN and RDX, at 1 atm charging pressure, are 2200 and 250 W e c  respec- 
tively. 

(According to table 1, tetryl 

Detonations produced in sufficiently large external volumes of gas could 
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m i n t a i n  the gas stimulus a t  t h e  explosive sur face  f o r  these,  o r  longer,. periods of 
tireao but such "gas detonation confinement" would not support the r e l a t ive ly  slow 
buildup of pressure to values i n  excess of the  c r i t i c a l  pressure f o r  appearance of 
detonatian (more than 28,000 psi). One test with 1.1 g d c c ,  Composition A5 explo- 
s i v e  showed t r a n s i t i o n  d i r e c t l y  from a leve l  of about 2000 ps ig  i n  the  container 
without observable pressure nm-up i n  the  gas phase c lose  to the explosive surface. 
Hmever, 2000 psig is beyond t h e  range of sustained pressures ava i lab le  from an 
unconfined gas detonation. ir 

It is thue improbable that an ex terna l ,  unconfined, gas detonation would cause \ 
d i r e c t  i n i t i a t i o n  of a l a rge  p i l e  of f l o u r  explosives of the  types tes ted .  
gas detonation were to produce fragments having ve loc i t i e s  of 300 m/sec or more6 
such fragments m i g h t  produce detonation i n  the  l a rge  p i l e .  
p r o j e c t i l e  i n i t i a t i o n  a r e  not  s u f f i c i e n t l y  complete to permit numerical prediction 

I f  the , -  I 

Existing data on 

of gas volume versus p r o j e c t i l e  s i z e  and ve loc i ty  re la t ionships .  ;\ 

B. Assumed Stimulus is  In t e rna l  t o  the Large P i l e  of Explosives 

Peak pressure i n  the  r e f l ec t ed  gas detonation wave, of these s tud ie s ,  a t  0 psig 
is believed t o  be less than 0.2 kbar; the Chapmen-Jouguet pressure is even lower, 
of course. In v i e r  of the appreciable d i f fe rence  between these pressures and the 
c r i t i c a l  pressure required f o r  appearance of detonation i n  the condensed phase, i t  
is probable that the i n i t i a t i o n  sequence is t h a t  of ign i t ion  of the explosive 
p a r t i c l e s  and then se l f -pressur iza t ion  of the test vessel by the decomposition pro- 
ducts.  The exact mechanism by which deflagration of the  explosive pa r t i c l e s  i s  
i n i t i a t e d ,  whether by an enthalpy wave, by an in t e rna l  autoignition of "cook off" 
gases,  or by an ex terna l  flame, is not  of pa r t i cu la r  importance. The important 
question is whether or not adequate confinement i s  provided t o  permit the  pres- 
su r i za t ion  t o  occur. Two circumstances can be postulated t o  provide the necessary 
confinement by an explosive pile--collapse of a cavity formed by erosion, or 
enfoldntent of burning p a r t i c l e s  by a s l id ing  p i l e .  Because of lack of knowledge 
about u l lage  space--induction t i m e  re la t ionships  and because of the complicated 
dynamics of the  mechanical co l lapse  or enfoldment, i t  is not presently possible 
to  d iscuss  these circumstances i n  d e t a i l .  I t  may be of academic i n t e r e s t  to note I 

t h a t  r i g i d  collapse of a 5-meterhigh p i l e  of material  having a sonic velocity of 
2000 m/sec would provide nea r ly  r i g i d  confinement f o r  a time of 200 Psec .  

Summary and Conclusions 

Gas detonations generated i n  stoichiometric ethylene-oxygen mixtures have been 
used to produce detonations in PETN, RDX, and t e t r y l  explosive. The explosive has 
been tes ted  both a s  a f l o u r  and a s  pressed p e l l e t s .  The experimental r e su l t s  
suggest the existence of a c r i t i c a l  pressure f o r  t he  appearance of detonation i n  
the condensed explosive. Induction time does not have a s t rong  e f f e c t  upon the 
induction pressure-the pressure t o  which the explosive is subject a t  the time of 
appearance of detonation. These induction pressures were sens i t i ve  t o  explosive 
type, dens i ty ,  and p a r t i c l e  size. From these r e s u l t s ,  i t  has been deduced tha t  a 
gas  detonation cannot produce detonation of a la rge  p i l e  of these materials without 

gra ins .  

Induction pressures f o r  the tea ted  f lou r s  or granules of PETN, RDX, and t e t r y l  were 
2 ,  3, and 3 kbar respectively.  In  pressed pellets, pressures for appearance of 
detonation were: 13 kbar f o r  1 .6  gm/cc PETN; 12 kbar for 1.4 g d c c  Composition A 5 ;  
16 kbar f o r  1.6 gm/cc Composition A5;  16 kbar for 1.4 gm/cc t e t r y l ;  and 20 kbar f o r  
1 .6  gm/cc t e t r y l .  

t he  in t e rpos i t i on  of some ac t ion  producing confinement of the ignited explosive .' 
The reqnisite cs=fise=eii: ciiiiiiot bo provided by an unconfined gas detonation. 
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TABLE 1. - Particle size distributions of 
explosive flours or granules 

Particle 
size range 
R, microns PETN RD& RDX- 2/ Tetryl 

Percent of sample in range 

710<R 
350 < R  < 710 
105 <R < 350 
74<R<105 
R <74 

7 2 1 14 
81 20 85 79 
7 63 13 6 
0 2 1 0 
0 15 0 2 

Aheat RDX. 
z/RDX + 1% stearic acid (Compositlon A5). 

TABLE 2. - Threshold charging pressures of stoichiometric 
ethylene-oxygen mixtures to produce gas detona- 
tion initiation of detonation in PETN, RDX, and 
tetryl 

I Detonation with 
Density, - < 1 P sec delay, No detonation 

Explosive gldcc atm gage atm gage 

'\ 

\ 

PETN 
PEd' 
RDX 
R D x q  
R D g /  
RDXA/ 
Tetryl 
Tetryl 
Tetryl 

0.7 
1.60 

.9 
1.1 
1.40 
1.64 
1.0 
1.39 
1.57 

20 
85 
26 
80 
04 

> 84 
26 

> 85 
> 85 

< O  
- 3/ 9 

< O  
8 

- 3/ 15 
- 3/ 39 
- 3/ 3 
- 3/ 39 
- 3/ 67 

I 

- 1/ 1% graphite added. 
2/ 1% stearic acid added. 
3/ Average from lowest value for detonation and highest value for no 
- 
- 

detonation. 

I 
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Comparison of minimum shock pressures for initiation of 
explosive cmpounds by gas detonation or for initiation 

with the indicated stimulus 

' Density, Shock Pressure, 
Source l d c c  Type of Stimulus kbar . - 1  

PETN - 
This work 0.7 Gas detonation - 1/ 2.1 f: 0.3 
LeRoux 
8eay and Seely 
Weiss and Litchfield 
Eldh and coworkers 
This work 

Weiss and Litchfield 
This work 
LeRoux 
This work 
This work 
This work 
Weiss and Li tchf ield 
Eldh and coworkers 

0.7 
1 .o 
1.48 
1.53 
1.60 

0.8 
.9 

1.0 
1 ..1 
1.40 
1.64 
1.62 
1.65 

Projectile impact 
Plane shock wave 
Projectile Impact 
Projectile impact 
Gas detonation 

mx - 
Projectile impact 
Gas detonation 
Projectile impact 
Gas detonation 
Gas detonation 
Gas detonation 
Projectile impact 
Projectile impact 

- 2/ 2.0 

- 2/11.0 

2.5 ' 

1 11.0 

,r 
/ 
i 

- 1L13.3 -+ 0.5 

3.0 

2/ 3.0 

12. 

21 .o 

- 1/ 3.1 2 0.4 

3.4 2 0.5 
- 

1/16. 2 1 - I 

- 2/22 .o 
Tetryl 

This work 1.0 Gas detonation - 3/ 3. 
Weiss and Litchi ield 1.00 Projectile impact 3.5 
LeRoux 1.00 Projectile impact - 2/ 3.5 
Weiss and Litchfield 1.57 Projectile impact 19.0 

Eldh and coworkers 1.65 Projectile impact - 2/22 .o 

This work 1.39 Gas detonation - 3/11. 

This work 1.57 Gas detonatim 13. 

- 1/ Mean and estimated standard deviation per observation. 
- 2/ These values calculated by the authors from projectile velocity 

data of other investigators. 
- 3/ For low-velocity detonation. 

/- 
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TABLE 4. - Summary of parameters for initiation of flour and 
pelletized explosive compounds by gas detonation 

Container 
Charging pressure Induction 

Density pressure, at detonation, time, 
Explosive gm/cc atm gage kbar p sec 

PETN 
PETN 
PETN 
PETN 
PETN 
PETN 
PETN 
PETN 
PETN 

RDX 
RDX 
RDX 
RDX 
RDX 
RDX 
RDX 
RDX 
RDXY 
RDXJ/ 
RDXJ/ 
RDXA/ 
RDXJ/ 
RDXJ/ 
RDXJ/ 
RDXJ/ 
RDXJ/ 
RDXi/ 

0.7 
.7 
.7 
.7 
.7 
.7 
.7 

1.60 
1.60 

0.9 
.9  
.9 
.9 
.9 
. 9  
.9 
.9 

1.1 
1.1 
1.1 
1.1 
1.1 
1.1 
1.40 
1.40 
1.64 
1.64 

0.0 
0.7 
1.0 
1.7 
2.1 
3.1 
20.0 
54.0 
85.0 

0.0 
1.0 
1.4 
1.7 
3.1 
5.9 
20.0 
26.0 
11.2 
11.2 
27.2 
40.4 
58.0 
80.0 
50.0 
84.0 
57.0 
82.0 

-- 
2.2 

-- 
3.3 
2.9 
6.0 
4.0 
3.1 
3.0 
3.4 -- 
-- 
12.5 
17.0 
15.0 

>200 
28 
8 
5 
4 
6 
1 
4 
1 

>270 
50 
56 
28 
12 
5.7 
4 
1 
70 
72 
36 
16 
7 
1 
7 
1 
14 
4 

- 

- 

- 1/ Rm[ + 1% stearic acid (Composition A5). 



152. 

EXPLOSIVE BEHAVIOR OF AMMONIUM PERCHLORATE 

Donna Price, A. R. Clairmont, Jr., and I. Jaffe 

0. S. NAVAL ORDNANCE LABOFtATOKY 
’ White Oak, Si lve r  Spring, Maryland 

The inorganic oxld%zer, ammonium perchlorate ( A P ) ,  i s  widely used 
as a major propellant ingredient. It is, i n  addition, a very in t e re s t -  
ing hlgh explosive because i t s  behavior differs markedly from that of 
conventional explosives such as TNT. 
explosives q c h  exhlbit more ideal detonation behavior a t  hlgh than at  
low porosity. No member of this group has been studied very systemati- 
cally;  only a careful invest lgat ion of t yp ica l  members w i l l  enable u s  t o  
understand these mater la ls  at l e a s t  as well as w e  understand more con- 
ventional explosives. Because AP seems a representative group member, 
bemuse it l e  -treque?l+,ly w e d  as a propellant empaneat, an& because it 
has been extensively s tudied I n  the related f i e l d s  of thermal decomposi- 
t i o n  and combustion, we have started a systematic study of i t s  explosive 
behavior. 
f r o m  our recent work. 

AP i s  a member of a group of 

The purpose of this paper i s  t o  report  the r e s u l t s  obtained 

The detgnation of AP has been studied before, chief ly  by Andersen 
But t h e i r  data had too much sca t te r ,  and d id  not extend and Pesante. 

s u f f i c i e n t l y  far i n t o  the hlgh charge density region t o  demonstrate the 
d i s t i n c t i v e  explosive behavior defined by the  present r e su l t s .  That 
behavior i s  typified by a detonabi l i ty  l imit  curve along which c r i t i c a l  
density increases with c r i t i c a l  diameter, and a f i n i t e  diameter detona- 
t i o n  veloci ty  which Is not uniquely defined by loading density, i.e., 
which exhibits a non-linear curve w i t h  a maximum i n  the detonation 
velocity.  

EXPERIMENTAL 

- A l l  ammonium perchlorate used was propellant grade; it contained 
0.2 t o  1$ tr icalcium phosphate. 
weight-median p a r t i c l e  s i z e s  of 10, 25, and 200 p, respectively.  For 
charge preparation, the material was dried a t  50°C f o r  four hours o r  
longer and packed i n  ce l lu lose  ace t a t e  envelopes t o  form 20.32 cm-long 
cylinders of 1.90 t o  7.62 cm diameter. Compacting was by hand, by hy- 
drau l i c  press, or by i s o s t a t i c  press (followed by machining t o  s ize) ,  
according t o  the charge densi ty  desired and the g r a i n  s i z e  of the per- 
chlorate.  A l l  low densi ty  charges were f i r e d  almost immediately a f t e r  
preparation t o  avoid the formation of small cracks and column separation, 
phenomena whlch occur w i t h  aging. 

The best q u a l i t y  charges were, of course, those prepared i n  the 
i s o s t a t i c  press from the 10  material. 
chlorate  Increased or  as the charge density ( p o )  decreased, charge 
qua l i t y  became poorer. A t  po 1 g/cc, the charges were of such poor 
qual i ty  that only a few small diameter charges prepared from the 10 I.L 
material w e r e  accepted f o r  firing. 

The charges were f i r e d  i n  the experimental setup of Fig. 1 w i t h  
either t e t r y l  or pen to l i t e  boosters. A 70 mm smear camera was used t o  
record the flasher enhanced luminosity of t h e  react ion front .  The cam- 
era was used at a wri t ing speed of between 1 and 3 mm/psec t o  obtain a 

The th ree  l o t s  of perchlorate had 

As the  g ra in  s i z e  of the per- 
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smear t race of the disturbance a t  45" t o  the base of the f i l m .  

The smear camera photographs were of excellent quality, and deto- 
nation velocity was determined from the slope of the trace,  i.e., by a 
l e a s t  square fit  of the l i n e a r  distance - t i m e  data. For the lowest 
resolution, the maximum e r r o r  estimated f rom e r r o r  in reading these 
records i s  1.5s. In over a dozen repl icat ions the maximum deviation 
was also 1.5%; the mean precision was 0.7s. 

RESULTS AND DISCUSSION 

Failiw Reactions 

The first in t e re s t ing  r e s u l t  of t h i s  work I s  that charges of ammo- 
nium perchlorate (of any g ra in  s i z e )  when subc r i t i ca l  a r e  nevertheless 
capable of showing fading but vigorous reaction. 
10 p. and 25 p. materials, under shock from the booster, produced curved 
luminous t r aces  persisting t o  distances as large as 8 - 9 diameters 
down the charge. As the charge diameter was increased toward its c r i t -  
i c a l  value, the curvature of the  t r ace  decreased. It was, therefore, 
almost impossible t o  determine the exact c r i t i c a l  l i m i t s  f o r  the per- 
chlorate; instead, they were bracketted by two dens i t i e s  a t  which 
f a i l u r e  and detonation occurred a t  a given diameter. 

s i t y  of 1.29 g/cc in a 7.62 cm diameter charge. 
be used I n  the available firing f a c i l i t i e s . )  
vigorous reaction pe r s i s t i ng  f o r  two diameters down the charge. 

Such charges of the 

The coarsest material  (200 p) failed t o  detonate a t  i t s  pour-den- 
(Larger charges cannot 

However, it too showed 

Detonability L i m i t s  

The l i m i t  or  f a i l u r e  curve f o r  the 10 p perchlorate i n  the charge 
diameter (d)  v s  po plane i s  approximated I n  Fig. 2. 
are de,  the  diameter a t  and above which detonation propagates, and p a ,  
the density above which detonation cannot occur. 
i ng  c r i t i c a l  density with increasing c r i t i c a l  diameter and the conse- 
quent de f in t t i on  of pc are both opposite t o  those f o r  TNT-like 
explosives. 
investigators on f i n e  AP's. The agreement is v e r y  good i n  view of 
approximating the p a r t i c l e  s i z e  d i s t r ibu t ion  by the median s i z e  and of 
the d i f f i c u l t y  of  determining that median. 

the f i n e r  material. The relevant data are: 

The c r i t i c a l  values 

The trend of increas- 

Figure 2 also shows measurements made by two other 

The l imi t  curve f o r  the 25 p AP was not as well defined as that f o r  

d(cm) Deton. Failure 

3.81 1.02 1.11 
5.08 1.26 1.41 
7.62 - 1. 7 1.56 

- 

This l imi t  curve w i l l  therefore l i e  above and t o  the l e f t  of that f o r  
the f ine r  perchlorate. 
the experimental range of the  present work. 
effect I s  the expected one f o r  a l l  exploeive8,that of increasing d, 

The limit curve f o r  the 200 p material i s  beyond 
The trend of p a r t i c l e  s i z e  



with increasing p a r t i c l e  size.  The shift i n  pa is, however, toward 
lower values for ammonium perchlorate, toward higher for TNT-like explo- 
sives. 

Detonation Behavior Pa t te rn  

The detonation veloci ty  (D) vs po curves a t  various diameters of 
the finest Perchlorate are shown In Pig. 3. Typically the D vs po curve 
a t  fixed d shows detonation velocity Increasing w i t h  increasing density 
t o  a maximum value. Beyond this maxlmuxn, D decreases as po Increases 
unti l  It reaches Its c r l t i c a l  value a t  the failure limit. 

The curve for each diameter has been terminated a t  the c r i t i c a l  
densi ty  given by the smoothed curve of Fig. 2. The l imit  l i n e  of Fig. 
3, which divides the detonation from the failure area, i s  shown as the 
dashed l ine through these terminal points. The curve seems s l i g h t l y  
concave u,msd ERC~ gives the c r i t i c z l  tietorretior. ve1ocit.y (D,) m a 
Punctlon of po at d i f f e ren t  diameters, but a t  fixed pa r t i c l e  size.  

Pig. 4 shows the analogous pattern,  analogously derived, for the 
25 p material. This pattern i s  very like that of Fig. 3; it is, how- 
ever, compressed i n t o  the smaller diameter range which r e s u l t s  from the 
p a r t i c l e  size s h i f t  of the limit curve, d v s  po . A t  any given values 
of d and p,,, the,detonation veloci ty  of the finer perchlorate is greater  
than that of t h e  coarser. This point i s  further i l l u s t r a t e d  i n  P i g .  5 
where the pa r t i c l e  s i ze  e f f e c t  on the D vs pa curves a t  d = 5.08 cm is 
shown. The terminal points  o f  the two curves are on a limit curve 
(indicated by the dashed l i n e )  whlch gives Dc vs po at constant diameter 
but a t  d i f fe ren t  p a r t i c l e  s izes .  

Infinite Diameter Values 

Since most of our D vs po curves are non-linear, our experimental 
range i s  one I n  which diameter e f f ec t  on D is  large. A t  po = 1.0 g/cc 
a l l  data are on the low densi ty  side of the maximum D or, in-pne case, 
a t  the maxirmrm. Under these circumstances, the usual D vs d curve is 
linear (Fig. 6)  and gives  the Ideal value D, of 3.78 d p s e c  a t  po = 
1.01 g/cc i n  good agreement with the comparable value of 3.75 determined 
by Evans e t  a1.6 

For an analogous se l ec t ion  of data at po = 1.26 g/cc the solid 
symbols of Pig. 6 are from the  high density side of the maximum D and 
must be neglected; they would lead t o  values of D, which a r e  too high. 

are extrapolated as i n  the present work, the analogous D, I s  4.85 
instead of the reported 4.37 d w s e c .  

manner at  the higher densi ty  (where detonation behavior is less idea l )  
is too high. Measurements at l a rge r  diameters are necessary t o  decide 
this. Meanwhile the present values have been used i n  P i g s .  3 and 4 t o  
indicate  a portion of the D, vs  po curve. The data f o r  the 25 IL 
material a l s o  extrapolate t o  the saxne curve. 

The remaining data give D, = 4. 9 mm/Crsec a t  po = 1.25 g/cc i n  very 
poor agreement w i t h  the R e f  . value. However, i f  the Ref. (2) data 

Even so, it is  qui te  l i k e l y  that the D value obtained in t h i s  

Reaction Zone Lengths, Reaction Times 

Of the avai lable  diameter e f f ec t  theories,  the curved front theory* 
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seems t o  f i t  our data best. 
zone length by 

Ref. (7) gives the detonation reaction 

a = d (1 - D/D,) (1) 

z =: ( ~ / 3 . 5 )  (1 - D/Di) (2) 

The modified theorye gives  a zone length 

where s i s  the radius of curvature o f  the reaction front .  For the 
reasonable assumption that s I s  d i r e c t l y  proportional t o  d, Eqs. (1) 
and (2 )  a re  ident ical  except f o r  a constant f ac to r  and w i l l  lead t o  the 
same r e l a t i v e  r eac t ion  zone lengths. 

length by 
The reaction t i m e  ( 7 )  is  defined and related t o  the react ion zone 

(3) 
- 

a =  ( D - u )  T 

where E i s  the average p a r t i c l e  veloci ty  between the leading von Neumann 
shock and the C-J plane of the detonation front .  Moreover, according 
t o  the g ra in  burning theory7, 

T = R/kk (4) 

where R i s  the average p a r t i c l e  radius, X the molecular diameter, and k 
the spec i f i c  reaction rate of  a single molecule. 

temperature T,(po). Moreover, these I n f i n i t e  diameter values a r e  lnde- 
pendent of the g ra in  s ize .  
t o  obtain the r a t i o  of the react ion times of the 10 I.L and 25 CL perchlo- 
rate a t  T,. If i n  addi t ion we assume that t h i s  material detonates by a 
g ra in  burning mechanism, w e  can incorporate Eq. (4) i n t o  the r e l a t ions  
t o  obtain 

For each Ideal value Di ( po ), there i s  a corresponding detonation 

Hence Eqs.  (1) or (2 )  and (3) can be used 

(al/aa) = (z l /za)  = ( T 1 , / 7 2 , )  = ( R l / R 2 )  ( 5 )  

where the subscripts 1 and 2 denote 10 and 25 p ammonium perchlorate, 
respectively.  
(5) gives  (Tl,/Tal) = 0.40 0.04 over the range of 0. 0 
g/cc. This is i n  good agreement with the  r a t i o  (R,/S?q =: 10/25 = 0.40, 
a r e s u l t  consistent w i t h  the g r a i n  burning mechanism f o r  the detonation 
of t h i s  material; such a mechanism i s  a l s o  consistent w i t h  i t s  more 
ideal behavior a t  g r e a t e r  porosi t ies .  

Calculation of the r a t i o  of the react ion times by Eq. 
po S 1.20 
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ACcELERlcFING DETClNA!KONS I N  CWOSITICN B-3 FXF'LC6IyE 

Robert Sewell, Lawrence Cosner, James Sinclair 

U. S. Naval Ordnance Test S ta t im,  China Lake, California 93555 

The problem of predicting what will happen when a fragment or project i le  strikes 
cased high explosive munitions i s  complicated not only by the complexity of the 
projectile-munition geometry but also by the number of different reactions which can 
and do occur. 

Recourse t o  the l i t e r a tu re  on t h e  subject exposes one t o  such terms as no re- 
action, burning, deflagration, low order, mild low order, large 1m order, 
detoaation, high order and deflagration to  detonation transition. 

pa-tid.  

Examining the l i t e r a tu re  on explosive sens i t iv i ty  is about as  helpful and intro- 
duces a series of t e s t s  which regularly produce conhsed rank- of the "sensitivity" 
of high explosive systems. 
deal of help ei ther . )  

(The theory or theories of detonation are not a great 

The major problem is  actual ly  one of continual attempts t o  l ink all the various 
modes of chemical reaction and a l l  the  means of physical excitation into one simple 
model which would be useful i n  explosive applications. 
i n  such a venture is  s m a l l  a t  best, but an attempt must be made since studies a m  
going t o  be msde wi th  or without adequate models. 

The probability of success 

I n  any attempt t o  tackle t h i s  problem the explosive system should f i r s t  be exam- 
ined from a chemical as  well as a physical dewpoint, the adiabatic auto ignition 
temperature and its connotations, the shock s e n s i t i s t y  spectqm, experimental 

-resul-ts,-eCfects-of-geometryy an-d -a i - a t t e~ t  t o  create a limited analytic model. 

GENERAL cQ?IMENTs 

THE EXPLOSIVE 

Explosives i n  general use vary Over a wide range of chemical cciupositions, but 
do have several similar character is t ics .  

They consist of chemical compositions which c a n t a h  both the fue l  and the oxi- 
dizer in  an "unstable" m l e c u h r  c ~ f i g u r a t l o n  whlch when broken allows the  various 
atoms to  combine in to  such products as H20, CO, Cq, N2, etc., with a rapid net 
production of energy. 

The s t ab i l i t y  of the explosive molecule should and apparently does play an 
Important par t  i n  the sens i t iv i ty  of the explosive. 

Analysis of the s t a t i s t i c a l  nature of chemical kinetics shows t h a t  some of the 
molecules are decomposing at  any temperature above absolute zero but that the number 
of molecules deccmposing o r  reacting per second remains "lnsignlficant" up t o  sane 
c r i t i c a l  temperature dependent an the ab i l i t y  of the exploeive t o  dissipate the 
energy generated by the reacting molecules. 
molecules involved increases exponentially leading t o  significant evolution of 
energy. 
t h e  geometry of the  explosive, the nature of the coPflnIng media, and the 
temrperature of the environmmt. 

Above t h i s  temperature the number of 

The dissipative factors  involve the heat capacity, the thermal conductivity, 
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(Ti i  ‘the presence o f  ‘ai? , fans inVo1iring:the oxygen in the alr  are, 1 

* *  
‘ - -  of course, possible;), f 

I n  an investigation of the problem of explosive storage and handling, 
Longwell (ref. 1) measured the adiabatic auto-ignition temperatures of Var iOUs  
explosives and developed relations for safe storage times and temperature for 
various charge geometries. 

SHOCK MC&ECULAR EFFECTS 

When a shock wave strikes a molecule, the molecule absorbs energy and if the 
energy i s  high enough, bond rupture occurs. 
the molecule with no effect from other molecules or their decomposition fragments, 
the weakest part  of the molecule w i l l  undergo rupture first. This will be regard- 
less of other factors and certainly i s  the first effect  of the shock nave. 

As long as the energy is absorbed into 

Harever,oncethe molecule i s  disrupted, reactive frag~nents such as ions and free 
radicals can collide with the unreacted molecule t o  cause further bond rupture. 
Since t h i s  l a t t e r  effect  will depend on t he  spat ia l  features of the molecule, s t e r i c  
factors are important and the bonds disrupted may not necessarily be the weakest in 
the molecule. In f ac t  they may w e l l  be the strongest if the atoms involved are 
easier t o  reach by being on the outside of the molecule. 

This being the case it is  easy t o  select  the bonds that are broken first, i.e., 
the N-NO;! and the C-NO;! (Table I). However, after the i n i t i a l  phase it i s  probable 
that the C-H bonds are next ruptured since they occur in both molecules and t h e  
hydrogen atoms are on the  outside of the molecule. 

SHOCK SENSITIVITY SPECTRUM 

Energy levels calculated as associated w i t h  shock wves in explosives show that 
for shocks of the order of a f e w  kilobars some chemical reaction i s  quite probable, 
but t h e  extent and rate of propagation of the reaction would be strongly dependent 
on the duration of the pressure pulse 88 w e l l  as i ts  amplitude and thus strongly 
dependent on the nature of the confinement. Studies by Liddlerd e t  al, (ref.  2)  
have shown t h a t  with proper confinement sustained chemical reaction can be produced 
i n  Comp B a t  pressure amplitudes of the order of 5 t o  7 kbars. 

This sustained chemical reaction i s  not t o  be conPused with detonation, which is 
a chemic- supported shock wave, but it can produce burning or deflagration which 
has often, improperly, been called low order detonation. 

Low order detonation--a nonideal detonation-is generally unstable ( I t  is ei ther  
accelerating or decaying) and I s  produced when a shock wave with intensity abwe a 
given level  (dependent on the curvature of the shock front) enters the explosive and 
either accelerates t o  full high order detonation or decays t o  no reaction. 
curvature of the wave front during acceleration I s  strongly dependent on the con- 
finement, the s i z e  and shape of the shock producing system, and the physical 
properties of the explosive. 

The 

It has been shown (ref. 3)  that for pressures greater than 21 kbars the gronth 
t o  detonation is-dependent upon peak pressure and is relatively independent of 
impulse. It is  interesting to note that the factor of 3 between the values of 
c r i t i c a l  pressures obtained by Liddiard e t  al. (ref. 4) and Comer and Burford 
(ref. 4) correspond t o  the factor of 3 between the average bond strengths of the 
N-No2 and the C-H b a d e .  
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The ini t ia t ion of explosive by shock impact is characterized by several zones or 

thresholds. 
the shock level  is increased surface reactions VU be triggered, and as the shock 
level  i s  increased s t i l l  further other effects wi l l  begin t o  predominate. 

A t  very low shock levels no significant chemical reaction occurs, as 

If the input shock level is above 202 kbars (ref. 3) ,  an almost instantaneous 
jump t o  stable detonation i s  observed w i t h  a CJ pressure of 272 kbars. 
shown tha t  in  the region from 21 t o  202 kbars the growth of pressure with distance 
can be represented by 

Studies have 

dP - = k(P - Pc) dx ( ref .  3) 

where P, = 21 kbars and k = 0.132 mm-l with P i n  kilobars and x i n  millimeters. 

Using an assumption based on Adans' (ref.  5 )  investigation of nonideal detona- 
tion, the pressure is directly propertiorid t o  the sq-iwue of t i e  propagation 
velocity 

P = yt? (ref.  5) 

"he constant y i n  t h i s  expression i s  found t o  be 3.38 with P in  kilobars and U in  
millimeters/microseconds . 

Integration of eq. (1) yields solutions for  pressure as a function of distance 
and these combined w i t h  eq. (2) yield shock velocity as a function of distance and 
input pressure. A table of parameters of interest  associated with these solutions 
is  shown i n  Table 11. 

Wedge experiments of the type performed by Boyle, Jameson, and Allison (ref.  6 )  
Their determination measure direct ly  the shock velocity as a function of distance. 

of the pressure i s  dependent on t h e  assumption that the explosive will retun-t-o i t s  

just i f ied i n  view of the accelerating reaction which is observed. 
position data are free of these assumptions and could be used for  direct  comparison. 
Unfortunately, "for ease of plott ing," Bayle, Jameson, and Allison divided their 
actual distance by the  i n i t i a t ion  distance t o  "normalize" the measurements and 
fai led t o  publish the actual. distances. Working from what they have published, the 
in i t i a t ion  distance is found t o  be 15 mm with a variation of about 1 mm. A plot of 
t h e i r  data compared t o  our calculated values is  shown i n  Fig. 1. 

-init id-dens i-ty-upon-release-of -the-preFCsiiFe .--TKis as <et-ion-<eems highly un- 
Their velocity- 

If a spherically divergent system i s  presumed, eq. (1) is  modified by substitut- 
ing r for  x and introducing a spherical loss term 

dP P - = k(P - Pc) - - 
d r  r 

or 

(3) 1 P(k - F) - kP 
C 

dP 
dr  
- =  

If eq. (3b) is correct and if the constant k I s  correct a minimrrm radius 'of 
curvature for any stable detonation becomes 

1 
k 

I=- 

1 
0.133 

For Comp B-3 t h i s  would be r = - = 7.52 ma. 
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!Chis value is not the limiting radius of a cylinder which would propagate deto- 

Actually since the pressure would not be much above 
nation but would be the radius of curvature of the central  portion of the detonation 
wave in  the limiting cylinder. 
202 kbar a t  the l i m i t  situation the limiting radius of curvature would be about 
8.4 mm. 
detonation velocity would be 16.8 mu which is equivalent t o  the 

If a hemispherical front is postulated the limiting diameter for  flrll 
of ref .  7. 

A graph of the pressure required t o  produce an accelerating detonation as a 
Punction of the radius of curvature of the  front is shown in Fig. 2. 
wave fronts (negative radius of cunrsture) require less pressure than the c r i t i c a l  
pressure t o  produce an accelerating front which tends t o  invert rapidly t o  a diver- 
gent wave front. If during the period of convergence the pressure increases enough 
over a large enough zone, continued acceleration should occur. 

converging 

Below and t o  the l e f t  of the positive radius of curvature curve the reaction 
produced is a decaying detonation. N e a r  the curve, a s l igh t  change i n  radius Of 
curvature through a density change or a void In the explosive could have a large 
effect on the occurrence of growth t o  detonation. 
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lPable I 

Average Bond Dissociation Energies 

146 kcal/mdle ref. 8) 
. 98.7 kcal/mle 

86.6 kcal/mole 
72.8 kcal/mole ref. 8) 
48 kcal/mole (calcd. fman ref. 9 
32 kcal/mole (calcd. from ref. 9 
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Table I1 

pressure Mstribution and Propagating Velocity for Accelerating Shock 

m 
X 

70 
65 
60 
55 
50 
45 
40 
35 

' 30 
25 
20 
15 
10 

5 
0 

Distance t o  go 
t o  detonation, 

kbars kbsrs mm/wec mm 
@ = (p0 - pc)e kx P = A P + P  u = q  70 - x 

C 

181 
93.5 
48.3 
25.0 
12 -9 
6.68 
3.45 
1.78 
0.W 
0.48 
0.25 
0.13 
0.07 
0.03 
0.02 

k = 0.132 Y = 3.34 

202 
114 
69.3 
46.0 
33 -9 
27.7 
24.5 
22.8 
21.9 
21.5 
21.3 
21.1 
21.1 
21  .o 
21.0 

7.78 
5 .a6 
4.56 3.n 
3-19 
2.88 
2.71 
2.61 
2.56 
2.54 
2.52 
2.52 
2.51 
2.51 
2.51 

0 
5 

10 
1 5  
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
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165 . The Heat and Products  of Detonation of Cyclotetramethylene 
tetranitramine (HMX), 2 ,4 ,  6-trinitrotoluene (TNT). Nitromethane (NM), 

and Bis [2,  2-dinitro-2-fluoro-ethyll -formal (FEFO)* 

Donald L. Ornellas 

Lawrence Radiation Laboratory, University of California 
Livermore,  California 

1. INTRODUCTION 

Calorimetric measurements combined with product analysis offer a precise  
method fo r  obtaining fundamental information about the detonation process.  This 
information can then be used to  provide normalization and boundary conditions fo r  
thermodynamic - hydr odynamic codes that predict explosive performance. 

Three  pure CHNO explosives and one fluorine containing explosive were 
investigated. This work is an extension of the work reported for  PETN. Jointly, 
these studies span the range of oxygen balance in  explosives that is of greatest  
inter est. 

Previous detonation calor imetr ic  work with TNT2-5 and HMX' is not 
amendable to theoretical interpretation because of the geometries used or  the lack 
of reliable product information. 
determination of the heat and products of detonation of NM and FEFO has been found 
in the l i terature .  

No information concerning the experimental 

2. EXPERIMENTAL 

2.1 Apparatus and Operation 

The apparatus and i ts  operation have been described; however, some changes 
have been made. 

The thermometric system is a quartz thermometer  which has a sensitivity of 
1 X 10-4 O C for  differential measurements,  is easily calibrated, and has direct  
digital readout. 

The heat equivalent of the standard instrument, taken as the average of s ix  
caiibration runs, was 15, 193 f 2 cal/"C. 
mean. 

The e r r o r  is the standard deviation of the 

Charges a r e  now completely confined by a 1.27-cm thickness of gold. Formerly 
the ends of the confining cylinder were left open. Since the bottom of the interior of 
the bomb was most damaged by flying fragments, it w a s  protected by a 0.64-cm- 
thick, 6.4-cm-diameter 

1.27 cm from each end with a translucent film which is a laminate of 0.025.-mm 
polyethylene and 0.013-mm Mylar. 
the film between appropriately machined gold surfaces.  
0.017 g per  experiment. 

1.71 g /cc .  
required for  the TNT .experiments since initiation w a s  effected by means of the 
detonator alone. 

2 .2  Explosive Materials 

st,ainless steel disc which we replaced af ter  each experiment. 
.. In order  t o  contain NM under vacuum conditions, we sealed the gold cylinder 

A vacuum-tight seal  .was obtained by compressing 
The weight of film averaged 

NM was initiated through this  film with a 0.75-g PETN booster at a density of 
HMX and FEFO were initiated with a 0.3-g booster. No booster was 

Military specification, grade I1 HMX was used. Analyses by thin layer  

"Work performed under the auspices of the U. S. Atomic Energy Commission. 
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chromatography showed about 0.570 cyclotrimethylene-trinitramine (RDX) and less 
than 1% each of an incompletely characterized l inear  nitramine (compound C) and 
1(N) acetal  - 3, 5,  7 trinitrocyclotetranitramine (SEX). The melting point was 
278-282°C. Charges were machined from billets which had been prepared with a 
special solvent -pressing technique. 

Granular TNT, mili tary specification, grade I11 w a s  used. Analysis by 
thin-layer chromatography showed l e s s  than 2% impurit ies.  These were identified 
a s  2, -4, 5 TNT, 2 , 4  dinitrotoluene and trinitrobenzoic acid. Elemental analyses for  
carbon, hydrogen, and nitrogen were in  agreement with theory for  pure TNT within 
the l imits  of the analyses. 
in increments t o  a density at which TNT detonates reliably in small  diameters,  

The melting point w a s  82.0”C. Charges were pressed 

Commercial  grade NM was used. Chromatographic analysis showed a purity 
01 96. 7%. Impurities w e r e  nitroethane 0.94%, 2-nitropropane 2.570, 1 -nitropropane 
0.0370, and water 0.170 maximum. 
based was calculated from the above analyses and adjusted to carbon equals 1.00. 

The empirical  formula on which resul ts  a r e  

W e  de-aerated NM t o  avoid the formation of an  a i r  bubble between the booster 
and liquid when the bomb was evacuated. 
frozen NM to  vacuum, sealing the  container, and then thawing the NM. This 
procedure w a s  repeated severa l  t imes.  

This was accomplished by subjecting 

FEFO, bis[2, 2-dinitro-2-fluoro-ethyl] -formal w a s  available only in research 
quantities. 
was determined to  be 94.470 pure by chromatographic analyses.  
impurity is bis[ 2, 2-dinitro-2-fluoro-ethyl] -diformal and i t  contains 0.1% water as  
received. 

It is a liquid with a vapor pressure  of about 40 p at 90°C. The sample 
The principle 

Water was removed by vacuum distillation in order  t o  avoid lo s s  of FEFO from 
the confining cylinder when the calorimeter w a s  evacuated. The expirical formula 
on which resu l t s  a r e  based was calculated from elemental analyses and adjusted to  
carbon equals 5.00. 

3.  RESULTS and DISCUSSION 
. - - - - . - . . - __ -~ - 

3.1  Products from Heavily Confined Charges 

S t ~ d i e s ” ~ ’ ~  indicate ’ that t h e  products f rom heavily confined charges represent 
those found on the Chapman-Jouguet (C-J)  isentrope at temperatures  in the range of 
1500 t o  1800°K. 
TNT, NM and FEFO. 

Table 1 l i s t s  these products and the heats of detonation for  HMX, 

-4s one proceeds down the scale  of oxygen balance - FEFO, HMX, TNT - t h e  
proportion of carbon which appears  a s  solid carbon increases ,  and which appears as  
carbon dioxide decreases .  Also, the proportion of hydrogen appearing a s  hydrogen gas 
increases ,  and which appears  a s  water decreases.  NM, a low-density explosive with 
a high hydrogen-tcrcarbon ratio, is  the exception to these trends.  It has the same oxy- 
gen balance a s  TNT, yet proportionally more  carbon appears  as carbon monoxide and 

amounts of methane a r e  present in the NM products than for any of the other explosives. 
! C S S  as s ~ ! i d  carboi; than one might expect fi.oiii iiie TNT i;esiiiis. ili addiiiori, greater 

It is noteworthy that all of the fluorine in FEFO appears  a s  hydrofluoric acid. 
Carbon tetrafluoride or other compounds containg the C - F  s t ructure  were not 
ob served. 

The products f rom heavily confined charges attain equibirium under non-ideal 

In order  t o  calculate the product composition along the C-J  isentrope,. one 
gas  conditions since the p re s su re  at 1500 to 1800°K i s  of the order  of 5,000 t o  50,000 
atm. 
must therefore  use complex thermodynamic-hydrodynamic calculations. Calculations 
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were y a d e  by using the two best equations of state availa e, the Becker-Kistiakowsky- 
Wilson (BKW) equation in the RUBYg code, and the LJDpA equation. The comparisons 
of observed products with calculated products f o r  the four  explosives studied (Tables 
2, 3,4, and 5) a r e  fair. 
for detonation products. 

infinitely long, heavily confined, open-ended charge. 
effects  would be negligible. 
dimensions, and end effects a r e  such that some of the detonation products a r e  
sufficiently shock heated on colliding with the calor imeter  w a l l  t o  cause re-equilibration. 
Because of this the ends of the charges w e r e  also confined in gold. 
deficient explosives such a s  TNT, doing this  increases  the observed heat of detonation 
by almost 6%. 

3.2 Products f rom Unconfined Charges 

Data of this  type will be  used t o  improve equations of s ta te  

The ideal experiment t o  allow isentropic expansion of detonation products is an 
F o r  such a configuration end 

However, charge length is limited by the calor imeter  

F o r  oxygen- 

The change is less for  higher oxygen-balanced explosives. 

1 It has  been shown that the temperature  a t  which equilibrium becomes frozen 
can b e  found by comparing observed detonation products f rom unconfined charges 
with products calculated with ideal gas  laws. 
of Jones and Miller7 indicated a freeze-out temperature  of 1500 to  1800°C. 
charges  of HMX and TNT were fired and products were compared (Tables 6 and 7)  to  
those calculated. 

Work with PETNl and the calculations 
Unconfined 

The agreement is good, confirming the ear l ie r  work. 

The TNT data indicate that solid carbon equilibrates rapidly during the reshocking 
of products that occurs  with unconfined charges. The value for solid carbon, f rozen 
out in the initial isentropic expansion, is 3.65 moles/mole.TNT (from Table 1) .  If 
it were not equilibrating, the amount found in the products f rom unconfined charges ' 
(1.01 moles/ mole TNT, Table 8) should be  at least  a s  l a rge  as that found in the I 

products f rom heavily confined charges. 
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Table 1 
a,h The Heat and Products of Detonation of Heavily Confined Charges of Explosives 

Explosive HMX TNT NMC F E F O ~  
Density (g/ cc) 1.89 1.53 1.13 1.60 

' Charge weight (g) 25 22 1 5  25 

A H  detonation, 298"I<, H20(a) ,  (ca l /g)  1479 f 5 1093 f 5 1227 * 5 1227 f 5 

Products  (moles/mole explosive) 
1.. 92 1.25 0.261 3.16 
1.06 1.98 0.550 1.88 
0.97 3.65 0.095 not detect,ed 
3.68 1.32 0.394 1.99 
3.18 1.60 0.882 2.14 
0.30 0 .46  0.294 0.046 

0 0 0 1 .87 f  
0.40 0.16 0.118 0.023 
0.039 0.099 0.083 0.009 
0.0081 0.020 0.0081 not detected 
0.001 0.004 0,001 not detected 

3 
C(sJe 
N2 
H2° 
H2 

HCib 

H F  

E3 

C2H6 
a 

"Corrected for PETN in the initiation system. 

'SM = c1 .00  H2 ,96  Xo,96 01.92 by analysis and adjusted to  C = 1.00. T race  amounts 

dFEFo = '5.00 5. (-1 4.09 O10.06 

Cylindrical charges,  1.27 cm diameter,  confined in 1 . 2 7  c m  gold. 

of acetylene were observed. 

Results a r e  corrected for reaction of H F  with stainless steel. 
on the ends. 

H _ ,  W F1.87 by analysis and adjusted to  C = 5.00 .  
Charge not confined 

eDe~e.~~.i.ned-by-di-f-f-ererlce:-- -- - - ~ ~ ~ - ~ - - -  ~- -- - ~. -~ ~ 

f F r o m  total fluorine contained in FEFO. 

Table 2 

Comparison of Calculated- C-J  Isentrope Products with Observed 
Products f rom Heavily Confined Charges of HMX 

Moles/ mole HMX 
Calculated 

Oh ser ved, BKW LJD 
Heavily C-J  Isentrope C -J Isentrope 

Products Confined 1520°K 1800°K 1490°K 1760°K 

N 3.68 3.97 3.97 3.98 3.97 
H;O 3.18 3.11 3.67 2.90 3.06 

1.92 2.39 2.13 2.16 2.01 
1.06 0.10 0.071 0.77 0.93 co 

C ( s )  0.97 1.13 1.68 0.73 0.81 
0 . 4 0  0.076 0.073 0.047 0.063 
0.30 0.005 0.001 0.36 0.34 
0.039 0.38 0.11 0.34 0.26 

co2 

NH3 
H2 
CH 
HCk 0.0081 0 0 not allowed 
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Table 3 

Comparison of Calculated C-J Isentrope Products with Observed 
Products f rom Heavily Confined Charges of T N T  

Moles/ mole TNT 
Calculated 

Observed,  BKW LJD 
Heavily C-J  Isentrope C-J  Isentrope 

Products Confined 1505°K 1835°K 1500°K 1870°K 

C(S) 3.65 
co 1.98 
H 2 0  1.60 

1.32 
1.25 
0.46 
0.16 
0.099 

N 2  
c*2 
H2 

HCN 0.020 
'ZH6 0.004 

3.57 4.50 
0.56 0.32 
1.06 1.87 
1.49 1.48 
2.19 1.91 
0.043 0.017 
0.026 0.047 
0.68 0.27 

3.6X10-6 1 . 3 x 1 0 - ~  
not allowed 

3.52 3. 80 
1.60 1.58 
1.33 1.64 
1.50 1.50 
1.53 1.39 
0.48 0.40 
not all owed 

0.34 0.23 
not allowed : 

- not allowed 

Table 4 

Comparison of Calculated C-J  Isentrope Products with Observed 
Products from Heavily Confined Charges of NM 

Moles/ mole NM 
Calculated 

Observed, BKW L J D  
Heavily C - J  Isentrope C-J  Isentrope 

Products Confined 1520°K 1835°K 1500°K 1800°K 
~ ~~ 

H 2 0  0.88 0.75 0.77 0.81 0.85 
co 0.55 0.18 0.21 0.43 0.48 

0.39 0.47 0.47 0.5 0.5 
0.29 0.049 0.027 0.32 0.29 
0.26 0.49 0.47 0.38 0.33 
0.12 0.017 0.027 not included 

0.083 0.33 0.32 0.19 0.18 
0.0081 0 0 not included 

N2 
H 2  
co2 
NH3 
a s )  0.095 0 0 0 0 
CH4 
HCN 
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Comparison of Calculated C-J  Isentrope 
Products  with Observed Products  from 
Heavily Confined Charges of 14’EFO 
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Table 6 

Comparison of Calculated Equilibrium 
Products at Constant Volume with Observed 
Products from Unconfined Charges of HMXa 

Moles/mole FEFO 
Observed. Calculated BKW 

Moles/ mole HMX, 
Calculated for 

Heavily c -J Isentrope 
Products  Confined 1 5 2 0 0 ~  18200K 

3.16 3.02 
2. i4 1.38 
1.99 2. 04 
1.88 0.83 
1.87 1.87 
0.046 0.045 

0.023 0.018 
0.0009 0.24 
0 0 

0 0 

3.82 

1.57 
2.03 
0.85 
1.85 
0.025 
0.026 
0.16 
0.005 

0.17 

_. 

Observed Ideal Gas 
Products Unconfined 1500°K 1800% 

N2 4.01 4.00 4.00 
co 2.65 2.36 2.52 
H 2 0  2.50 2.36 2.52 
H2 1.53 1.64 1.48 

1.45 1.65 1.49 
0.0006 0.00002 0.00002 tIC N 

NIT3 not detected 0.0006 0.0002 
~ 1 1 ~  not detected 0.0004 0 

25-g charges at density 1.89 g / c c  and 
2.54 cm diameter .  

CO2 

a 

Table 7 
- 

----- ~ --Compari-s on-of-Cal EulZtd Equilibrium 
Products  at Constant Volume with Observed 
Products  from Unconfined Charges of TNTa 

Moles/ mole T N T  
Calculated for 

Observed Ideal Gas 
Products  Unconfineda 1500°K 1800’K 

~ ~~ 

co 5.89 
2.31 
1.36 

H2  
N 2  
C(S) 1.01 
H20 0. I ?  

0.063 
0.024 
0.022 

::2N 
NiI3 
C1I4 0.0092 

-~ ~~ 

5.97 6.00 
2.10 2.36 
1.49 1.47 
0.81 0.90 
O.OO? 0.003 
0.009 0.003 
0.018 0.056 
0.0005 0.0003 
0.192. 0.053 

a 25-g charges a t  density 1.53 g /cc  and 
1.27 and 2.54 crn diameter .  


